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Abstract
CH ... n interactions are non-covalent interactions which occur m orgamc
compounds that are important in biological and chemical sciences in many ways.
Microwave spectroscopy is an important technique that can be used to detect
CH .. .n interactions in the gas phase molecules. Previously microwave
spectroscopic studies of complexes containing CH .. .n interactions, benzene ... HCCH
(Ulrich, N.W.; Seifert, N.A.; Dorris, R.E.; Peebles, R.A.; Pate, B.H.; Peebles, S.A.,
Phys. Chem. Chem. Phys. 2014, 16, 8886-8894) and fluorobenzene ... HCCH (Ulrich,

N.W.; Songer, T.S.; Peebles, R.A.; Peebles, S.A.; Seifert, N.A.; Perez, C.; Pate, B.H.
Phys. Chem. Chem. Phys., 2013, 15, 18148-18154) were done at Eastern Illinois

University and the CH ... n distance in the two complexes was found to be almost
identical. The next approach was to study how the degree of fluorination affects
the CH ... n interaction of the dimer. Therefore experimental studies of
difluorobenzene ... HCCH complexes were initiated. In this project, the dimers
1,2-difluorobenzene ... HCCH, 1,3-difluorobenzene ... HCCH, and
1,4-difluorobenzene ... HCCH were studied theoretically although a spectroscopic
analysis was carried out only for 1,2-difluorobenzene ... HCCH. In addition to the
difluorobenzene ... HCCH complexes, theoretical calculations have been performed
for another complex with CH .. .n interactions, fluorobenzene ... (HCCH) 2, in an
attempt to identify this trimer, which may be present in an earlier scan of
fluorobenzene ... HCCH.

iii

Spectral analysis of the dimer 1,2-difluorobenzene ... HCCH has shown that
the lowest energy structure of the dimer undergoes internal rotation which
complicates the rotational spectrum, doubling all spectral transitions of the
complex. The rotational constants A, B and C obtained by spectral fitting for the
lowest energy structure (where the acetylene is tilted towards the fluorine atoms
of the 1,2-difluorobenzene monomer) of 1,2-difluorobenzene ... HCCH dimer agree
with ab initio rotational constants with a percent relative error of 7.7 %, 9.3 %
and 15.2 % respectively. Theoretical calculations performed for the
difluorobenzene ... HCCH complexes show that the CH .. .n distances are higher m
difluorobenzene ... HCCH dimers than the benzene ... HCCH or
fluorobenzene ... HCCH.
From the theoretical studies performed for fluorobenzene .... (HCCH)2 it was
found that the lowest energy trimer structure gives rise to c-type transitions and
the CH .. .n distance of the trimer (perpendicular distance from acetylene molecule
to the ring plane of fluorobenzene monomer) is nearly the same as the theoretical
CH .. .n distance of fluorobenzene ... HCCH dimer and the distance between two
acetylene monomers in the trimer is nearly the same as the theoretical CH .. .n
distance of the acetylene dimer.
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A Basic Introduction to Rotational
Spectroscopy
Chapter 1

1.1. Outline of the Thesis
In this thesis, rotational spectroscopic studies and computational results of
molecular complexes with CH .. .n interactions are discussed. Complexes studied are
three dimers: 1,2-difluorobenzene ... HCCH, 1,3-difluorobenzene ... HCCH, and 1,4difluorobenzene ... HCCH and also the fluorobenzene ... (HCCH) 2 trimer.
Experimentally we analyzed only the rotational spectrum for the 1,2difluorobenzene ... HCCH complex. Nevertheless, we performed theoretical
calculations for all the other molecular complexes, including for the
1,2-difluorobenzene ... HCCH dimer.
The first chapter of this thesis is an overview of the important aspects in
microwave spectroscopy that are relevant to this project, including a brief outline
of the applications of microwave spectroscopy and the instruments used to make
the spectral measurements. Most importantly it covers the theory behind
microwave spectroscopy, specific spectral patterns that can be found in asymmetric
top rotational spectra, centrifugal distortion of the molecules, and the Stark effect
and its applications in rotational spectroscopy. Internal rotation (which is important
for experimental studies of the 1,2-difluorobenzene ... HCCH dimer) will also be
introduced and applications of computational chemistry in molecular spectroscopy
will be discussed.
All the weak complexes mentioned here include fluorinated benzene rings.
Therefore it is necessary to address the electronic effect of fluorination in benzene
and how it affects the CH .. .n interaction of the system. The second chapter
describes this aspect followed by a discussion of the importance of CH ... n
2

interactions and previous microwave spectroscopic studies that have been done on
the complexes with these interactions.
The third chapter describes ab initio (MP2/6-3 ll ++G(2d,2p)) results of the
structures obtained for 1,2-difluorobenzene ... HCCH, 1,3-difluorobenzene ... HCCH
and 1,4-difluorobenzene ... HCCH dimers. The reason for studying this set of
related difluorobenzene ... HCCH dimers is to find how the degree of fluorination
affects the CH .. .n interaction of the complex. Theoretical calculations of these
dimers are used to find the energies of the molecular complexes and other
molecular properties such as rotational constants and dipole moment components
which help to predict the rotational spectra of complexes.
The fourth chapter describes the rotational spectrum and obtaining
experimental rotational constants by spectral fitting of 1,2-difluorobenzene ... HCCH
dimer. Also in this chapter Stark effect measurements for selected spectral
transitions of 1,2-difluorobenzene ... HCCH dimer transitions and the conclusions
from the observations and results are discussed.
In the final chapter, computational calculations performed for possible
fluorobenzene ... (HCCH)2 trimer structures are discussed. This is also a weakly
bound complex containing CH ... n interactions and was chosen to study because it
is the next most likely species present in a related scan containing fluorobenzene
and acetylene. The structure optimization of this complex was performed by ab
initio (MP2/6-3 ll ++G(2d,2p)) and density functional theory (M06/6-3 ll ++G(2d,2p ))

methods. The structural properties of each complex and how these structural
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parameters vary according to the method of calculation (ab initio and DFT) used
will be discussed in this chapter.

1.2. An Introduction to Microwave Spectroscopy
Fourier-transform microwave spectroscopy is the most accurate technique
which is used in physical chemistry to obtain the relationship between molecular
structure and rotational transition frequencies in gas phase molecules. In the
electromagnetic spectrum the microwave region lies in the wavelength range from
30 cm to 0.3 mm, (or frequency from 1 GHz to 1 THz). Early microwave studies
focused on measurements in the centimeter wavelength region. But later ·
developments allowed measurements in the millimeter and sub millimeter wave
regions. 1 Initially, microwave spectroscopic measurements were made using Stark
modulation spectrometers. 2 Today microwave spectroscopic measurements are made
using Balle-Flygare3 type Fourier-transform and chirped-pulse Fourier-transform4
microwave spectrometers, both of which will be presented in detail in Chapter 4.
One of the major milestones in microwave spectroscopy was the observation of
spectral lines in interstellar species such as free radicals, ions and stable
molecules. 5
In microwave spectroscopy the techniques that are used to detect molecules
or molecular complexes in the gas phase have developed in significant ways.
Supersonic jet expansion6 of the gaseous mixture is the technique that is used to
introduce the gas molecules into the vacuum chamber of the instrument. This is
an adiabatic process that occurs when a highly pressurized gaseous mixture is
expanded into a vacuum chamber using pulsed nozzles, where the sample is then
4

probed by microwave radiation. Weakly bound dimers cannot be formed at room
temperature therefore supersonic expansion of the gas sample is very important for
the formation of weakly bound dimer complexes since this process cools down
the molecular flow (effective temperature of the gas molecules is about 10 K). The
gas sample contains two monomer species (1,2-difluorobenzene and acetylene in
this project) that are required to form the dimer complex and a noble gas (Ne).
The noble gas atoms are important in carrying away the extra heat energy that is
released during the collisions of the two monomer species. A detailed description
on supersonic expansion will be discussed in Chapter 4, Instrumentation section.

1.3. Theory behind Microwave Spectroscopy
To produce a microwave rotational spectrum a molecule must have a
permanent electric dipole moment. 7 When microwaves interact with the polar
molecules they exert a torque on the dipole moment and excite the rotational
energy levels of the ground vibrational state of the molecules allowing rotational
transitions to occur. The energy difference between these rotational levels is given
as M which is equal to hv where h is Planck's constant and v is the frequency
of the specific transition. This is given by equation 1.1.

!iE

=hv

1.1

Free rotation of the molecular system is quantized and this rotational
motion is described by the total rotational angular momentum quantum number, J.
The selection rule for rotational spectroscopy is M = 0, ± 1. Pure rotational
transitions can be characterized into P, Q and R branches by the change in the J
quantum number. The P-branch arises when M= -1 and the R-branch occurs
5

when M = +1. Q-branch anses when M = 0. It is worth mentioning here that
Q-branch transitions occur only in asymmetric top molecular systems but not m
symmetric top and linear molecular systems. In the rotational spectrum of
1,2-difluorobenzene ... HCCH dimer all the dimer transitions which were observed
were R-branch transitions.

1.3.1. The Rigid Rotor and Polyatomic Molecular Systems
The simplest model for describing a rotating molecular system is the rigid
rotor. In the rigid rotor approximation 7 the bond joining the two nuclei is
considered to be a rigid weightless rod. The angular momentum (L) of a rotating
rigid rotor molecule is given by equation 1.2.
L =I w

1.2

I is the moment of inertia of the molecule and w is the angular velocity. The

moment of inertia is an important parameter when studying the rotational spectra
of molecules and is defined by equation 1.3.
I=~
"-'

2
m-rt t

1.3

mi is the mass of the atom i and ri is the perpendicular distance of that atom

from the axis of rotation. In a non-linear molecule there are three principal axes
about which a molecule can rotate. The axis which has the highest moment of
inertia is the c-axis while the axis with the lowest moment of inertia is the
a-axis. The b-axis is perpendicular to the a and c axes. The relative magnitudes
of the moments of inertia around the a, b and c axes of a molecule determine
whether it is a symmetric top, (where two of the three principal moments of
6

inertia are equal, either Ia=Ib or lb= le) an asymmetric top (where none of the
principal moments of inertia are equal, le f. Ia f. lb) or a spherical top rotor (where
all three principal moments of inertia are equivalent, le =Ia= lb). There are two
types of symmetric top rotors. They are oblate (for example, benzene) where
le > h =Ia and prolate (for example, CH3l) where le =lb> Ia; these examples are

shown in Figure 1.1.
b
a

I

!~b
;;71
/i. . . .

H
H

H
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,,H

H

H'H
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I

Figure 1.1: Principal axis system of benzene (C6H6) an oblate rotor and methyl

iodide (CH3l), a prolate rotor.

The rotational constants (A, B, and C) are experimentally determined in
spectroscopic studies and used to determine the most important structural
parameters such as the internuclear distances and bond angles of a molecule. The
relationship between the moments of inertia (Ia, lb and le) and rotational constants
(A, B and C) is given by equation 1.4.

A (Hz)=

h
8n 2 Ia

h

B (Hz)= -8n_2_J_b

C (Hz)=

h
8rr2/c

1.4
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Planck's constant is given by h. In a linear molecule the rotational
constant can be determined by the spacing between any two adjacent rotational
transitions of the spectrum since it is equal to 2B. 7 The total rotational energy (E)
of the linear molecule is given by the equation 1.5 below.

E = BJU + 1)

1.5

Where B is the rotational constant of the system and J is the total rotational
angular momentum quantum number (J= 0,1,2,3, ... ).

1.3.2. The Rotational Spectrum of an Asymmetric Top Rotor
The energy levels of a linear molecule can be defined using only the total
rotational angular momentum quantum number, J. But in a rotating symmetric top,
this total angular momentum can be projected onto the principal axes a (in a
prolate symmetric top) or c (in an oblate symmetric top) in different ways, each
giving different rotational energies. The projection of angular momentum is
described by another quantum number, K. Therefore the energy levels of a
symmetric top can be defined completely using only J and K quantum numbers.
When it comes to asymmetric tops it is not sufficient to define the energy
levels using only the J and K rotational quantum numbers since asymmetry splits
each K level into two sub levels which can be defined by Ka and Kc. These
quantum numbers are used to describe the projection of total angular momentum
quantum number, J onto the principal axes a and c respectively. K can take
values from J to -J. 8 Therefore each J value of an asymmetric top molecule has
2J+ 1 distinct rotational sub levels that are non-degenerate.

8

Asymmetric top energy levels can therefore be represented by three
quantum numbers, f KaKc· The representation of energy levels in an asymmetric top
molecule is given in Figure 1.2. Ka represents the K value for the limiting prolate
top case whereas Kc represents the K value for the limiting oblate top.

Prolate

Oblate
symmetric top

symmetric top

0
3
1

2

3
3

J=3
1

2

3

0

K,
K= +I

Ka

-1

K =

Figure 1.2: Representation of the J and K energy levels of an asymmetric top for
the J

=

3 level (330, 33 1, 3 21 , etc. are asymmetric top energy level labels).

The degree of asymmetry is indicated by Ray's asymmetry parameter which 1s
defined usmg

K

(kappa) (equation 1.6). 8

2B-A-C

K=----

A-C
The limiting values for

K

1.6

are + 1 and -1 which correspond to oblate and prolate

symmetric tops respectively. If

K

is between + 1 and -1 the molecule is an

asymmetric top. In this equation A, B and C are the rotational constants. As the
asymmetry increases the spacing of the energy levels becomes complicated and
makes the rotational spectrum of the molecule quite convoluted, with specific
9

patterns that depend on the relative values of A, B and C.
Ray's asymmetry parameter gives a general idea about the distribution of
the spectral patterns in the experimental rotational spectrum and can be used as a
guide to what approach to take in assigning the spectrum. According to the dipole
moment components µa, µb and µc of the molecule or complex, the transitions are
categorized into a-type (µa -:j:. 0, M a= 0 and M c=±1), b-type (µb -:j:. 0, /),. Ka=±1 and

M c= ±1) and c-type (µ c -:j:. 0, M a= ±1 and M c= 0). If an asymmetric top molecule
has strong µa and µb dipole moments it gives rise to characteristic "constant
difference" patterns. This is shown in Figure 1.3. 3 n-2 12 and 303-202 are a-type
transitions whereas 3 03-2 12 and 3 n-2 02 are b-type transitions. These constant
difference patterns are very helpful in identifying the correct transitions in the
experimental spectrum and were essential in finding the spectrum belonging to
1,2-difluorobenzene ... HCCH. Even if we identify the transitions correctly there can
be complications when assigning the spectrum. These complications in spectral
assignment are described further in Chapter 4.

313-202

3or212

~

x ,-

-x-

I'

,.

Frequency (MHz)

Figure 1.3: The constant difference pattern observed in an asymmetric top rotor
(the transitions in this example occur for the J = 3+--2 rotational transition).
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The frequency difference between the 3 13 -2 12 and 303 -2 12 transitions is
identical to the frequency difference between transitions 3 n-2 02 and 303 -2 02 . This
frequency difference in transitions is illustrated in the energy level diagram in
Figure 1.4 where it is clear that the difference x is measuring the same difference
in energy between the energy levels 3 13 and 3o3 and so must be the same when
measured the two different ways.
If the molecule is closer to a prolate symmetric top the splitting of this

pattern tends to increase and it would not be an easy task to identify the
transitions. But it becomes a very useful pattern for the spectral assignment as the
molecule gets more asymmetric (with

K

values closer to zero) since the constant

difference pattern is much more closely spaced and so much easier to spot.

3;u

3,,

·I
2.,
2.,

2u
2.,

2.,

Figure 1.4: The energy level diagram for J = 2 to J = 3 transitions showing the energy
difference between

303

and

313

energy levels.
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1.4. Centrifugal Distortion of the Molecules
In rotational spectroscopy all molecules are treated initially according to the
rigid rotor approximation. 7 But this concept is not quite valid for precise
measurements since the bonds connecting the nuclei of the molecules can be
considered to behave more like springs than rigid bonds. As the molecule rotates
faster, centrifugal forces tend to cause the bond length and bond angles to
change. This can be considered as a spring stretching where the distance (r) 1s
increased. When the distance (r) is increased the rotational constant decreases.
Centrifugal distortion constants are used to correct for this change in the
moments of inertia as the molecule rotates. Centrifugal distortion is even more
important in the microwave spectra of molecular complexes than molecules,
because when the molecular complex rotates faster there is a higher probability of
distorting the complex since the bond interactions between the subunits of the
complex are very weak (van der Waals forces and CH .. .n interactions) so
distortion of the complex is relatively easy.

1.5. The Stark Effect
The Stark effect is another important aspect of microwave spectroscopy9
and describes the effects when an electric field is applied to rotational spectra of
molecules. This technique can be used to determine accurate dipole moment
components of gaseous species and can also help to identify pure rotational
transitions of the spectrum and to assign rotational quantum numbers. The dipole
moment components (µ 0 , µb, µc) are fixed along the principal axes of inertia in
the molecule and the applied electric field is assumed to be constant in magnitude
12

and has a fixed direction in space. When an electric field is applied to the
molecules it exerts a torque on the molecule's dipole moment and perturbs its
rotational motion and rotational energy levels. This modifies the rotational
spectrum of the molecule 10 leading to a splitting of all rotational transitions into a
number of components. The splitting of the transitions depend on the dipole
moment component and size of the applied electric field.
The Stark effect in asymmetric top molecules is second order9 , which
means it is directly proportional to the square of the applied electric field
strength, £ 2 • When an electric field is applied to a molecular system it interacts
with the dipole moment components of the molecule and perturbs the rotation of
the molecule and its rotational energy levels. For each rotational energy level
there is a (2J+ 1)-fold degeneracy. This is described by the quantum number M 1
which is called the space orientation quantum number and behaves in the same
way that the magnetic quantum number m1 behaves when dealing with orbital
angular momentum quantum number, l for electrons. M 1 describes the ways the
angular momentum can be projected onto an external axis. M1 can have values
ranging from J to - J. For example, the rotational energy level, J = 2 can be
divided into five sublevels, M1 = 0, ±1 and ±2. When the electric field is applied
the 2J+ 1 degeneracy is partially lifted which implies that J level splits into J+ 1
sub levels given by

IM1I.

13

IMI
:t2
J=2u
0

J:

±1

lo1

0

Zero field transition

Figure 1.5: Splitting of the

21 2- 1 0 1

Applied electric field
asymmetric top transition by an applied electric

field (not to scale) The one transition that

IS

observed when no field is present splits

into two transitions when an electric field

IS

applied.

Each energy level of an asymmetric top rotor splits into sublevels
corresponding to the values of M 1 rotational quantum number. These energy levels
now have slightly different energies (Figure 1.5). As the strength of applied
electric field increases, the frequencies of the corresponding splitting transitions are
shifted away from the initial frequency of the peak (the frequency when no field
is applied, the "zero-field transition"). This frequency displacement is

~ v.

Experimental data is plotted (~v vs. E 2 ) and obey equation 1.7 given below.
1.7

A and B are Stark coefficients and are calculated using second-order
perturbation theory; they describe how energy levels are perturbed when a field

IS

applied. M1 is the space orientation quantum number. These Stark coefficients can
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then be used to predict the frequency displacement

(~v)

at various applied electric fields. The gradient9 of the linear plot (~v vs. E
gives the value for µ 2 (A

+ BMJ).

IMJI

for given values of

2)

Experimental data, (~vi E2) can be fitted with

a least-square fitting program to obtain experimental dipole moment components.
In this project, Stark effect measurements are used to confirm the quantum
numbers of pure rotational transitions. For example, if we assume a specific
transition to be 2 12 +--1 01 , we can confirm this by the number of observed
components and the frequency displacement of that specific transition when certain
electric field strengths are applied. More details on Stark effect applications and
conclusions derived will be discussed in Chapter 4.

1.6. Internal Motion
When analyzing the rotational spectrum of 1,2-ditluorobenzene . .. HCCH
spectrum it was found that all transitions of the spectrum were doubled. This 1s
an indication of a possible internal motion, 11 which is a large amplitude motion
that can occur in the complex. Internal motions can be categorized into three
types: internal rotation, inversion motion and ring-puckering. Examples for these
motions are illustrated in Figure 1.6. Internal rotation is the main motion that
will be discussed in this thesis. Internal rotation in a molecular complex occurs
when the rotation of one of the subunits within the dimer rotates about one of its
axes relative to the other monomer. This interconverts between two or more
indistinguishable structures.
If the energy barrier for the rotation is very high it corresponds to a
simple torsional oscillation and no spectral complication should be apparent.
15

However if the energy barrier is very low there can be a free rotation around one
of the monomer's rotational axis and the energy levels could be considerably
perturbed and the spectrum will be doubled.

b)

a)
H~

H~

1

H'
w···C

H

I
H

o, C....._
/H

c)

~ ~H

H

Figure 1.6: a) Inversion motion 12 of S(CH3) 2 ... Ne complex b) Internal rotation 13

of the methyl group in dimethyl ether c) ring-puckering motion 14 of cyclopentene
(bending mode).

Due to this doubling of a spectrum, the intensities of rotational transitions can be
significantly reduced, which complicates identification of transitions and makes the
spectral fitting process much more difficult. These effects, problems in spectral
fitting, and more details on internal rotation will be discussed further in Chapter 4.
1.7. Importance of Computational Chemistry in Spectroscopic Studies

Computational calculations are widely used in the spectroscopic field to
obtain theoretical data of rotational constants, dipole moment components and the
energies of predicted molecular equilibrium structures. Theoretical calculations for
these molecular complexes or molecules can be done using three different
methods: semi-empirical, ab initio, or DFT (Density Functional Theory). The
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rotational constants and dipole moment components obtained by these calculations
are then used to predict the rotational spectrum. This predicted spectrum is
different from the experimental spectrum due to the discrepancies between the
predicted structure and the experimental structure since theoretical calculations
provide the structure at the equilibrium state whereas under experimental
conditions it is impossible to obtain a structure at the equilibrium state.
Nevertheless the spectral patterns that are found in the predicted spectrum will be
similar to those in the experimental spectrum and can aid in assigning the
experimental quantum numbers.
Experimentally we can usually only observe the rotational spectrum of the
lowest energy structure for a particular molecular system since only that form will
have significant population in our molecular expansion. Theoretically we can find
the lowest energy structure by running calculations for all the possible orientations
of that system and comparing their total energies. In this thesis MP2 calculations
(M01ler-Plesset second order perturbation theory) of 1,2-difluorobenzene ... HCCH,
I ,3-difluorobenzene ... HCCH, 1,4-difluorobenzene... HCCH and
fluorobenzene ... (HCCH) 2 trimer are discussed. In addition, DFT calculations of
fluorobenzene ...(HCCH) 2 trimer are also discussed. The structural properties
(CH ... rr distances between the two monomers) of the lowest energy structure and
the other structures of 1,2-difluorobenzene ... HCCH, 1,3-difluorobenzene ... HCCH,
1,4-difluorobenzene... HCCH complexes will be discussed separately in Chapter 3.
After understanding the spectral patterns in an experimental spectrum with
the assistance of predicted spectrum, the next step is to assign rotational quantum

17

numbers to the experimental transitions so we know which rotational energy levels
are involved in each rotational transition. This is called the "spectral assignment".
Spectral fitting is done using programs such as SPFIT/SPCA T. 15 In spectral fitting,
SPFIT 15 program takes the assigned frequencies and calculates the rotational
constants, distortion constants, etc. The goal is to determine experimental rotational
constants of the molecule or the molecular complex and predict the frequencies
and the intensities of other unassigned transitions so that more rotational
transitions can be measured. The spectral fitting procedures are presented m detail
m Chapter 4. Finally in Chapter 5 the structural properties of the trimers obtained
for fluorobenzene . .. (HCCH)z complex by ab initio and DFT methods and the
predicted spectrum of the lowest energy structure of the trimer will be discussed.
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Effects of Fluorination in CH .. .n
Interactions

Chapter 2
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2.1. Outline
This chapter addresses the physical significance of CH .. .n interactions m
molecular complexes. As mentioned in Section 1.1, this thesis presents
computational studies of the dimers 1,2-difluorobenzene ... HCCH,
1,3-difluorobenzene ... HCCH, 1,4-difluorobenzene ... HCCH, and the trimer
fluorobenzene ... (HCCH)2, followed by experimental studies of the
1,2-difluorobenzene ... HCCH complex. These are typical examples for fluorinated
complexes displaying CH .. .n interactions. Therefore the next section of this
chapter describes how fluorination affects CH .. .n interactions of specific molecular
systems followed by a brief description on the importance of CH .. .n interactions
and how these interactions in molecular systems are detected using NMR, IR and
X-ray crystallography. When studying gas phase molecular systems with CH .. .n
interactions, microwave spectroscopy is the most important experimental technique
which can be used to measure the accurate structural parameters of the molecular
complexes. Later in this chapter two previous microwave studies carried out on
CH .. .n interactions (benzene ... HCCH 1 and fluorobenzene ... HCCH 2) at Eastern
Illinois University are presented in detail.

2.2. Effect of Fluorination in Benzene
All the complexes discussed in this thesis are fluorinated complexes
containing CH ... n interactions. Substitution of a fluorine atom on a benzene ring
deactivates the ring in electrophilic substitution reactions since fluorine has a
strong electron withdrawing effect. This would reduce the electron density of the
ring, especially in the ortho- and para- regions. 3 However since fluorine has lone
21

electron pairs, it can simultaneously donate these electrons to the benzene ring
through the C-F bond (cr-bond) m the molecule, 3 suggesting that fluorine
substituted benzenes might actually be expected to be better electron donors than
benzene itself. Electron donation of fluorine to the benzene ring is presented in
Figure 2.1.
+

F

<-+-6
Figure 2.1: Electron donation of fluorine to the benzene ring (resonance structures
of fluorobenzene ).
When the number of fluorine substitutions in the ring increases, the nelectron density of benzene might be expected to decrease even more. In these
complexes fluorinated benzenes behave as electron donors whereas the acetylene
behaves as electron acceptors. When the electron density of the ring is decreased,
the intermolecular interaction strength between the monomers of the complex is
predicted to be reduced. This impacts the rotational spectroscopic study of 1,2difluorobenzene ... HCCH complex. When the strength of the two interacting
subunits is lower, it reduces the ability of dimers to form and so lowers the
number of dimers formed in the supersonic expansion. The lower population of
the dimer weakens the intensity of rotational transitions in the spectrum.
When molecules are weakly bound, the barrier to interconversion between
equivalent structures can be quite low. This low interaction energy of the subunits
of the dimer allows small or large amplitude motions to occur within the
22

molecular complex. If the barrier of rotation of one of the subunits is high it
gives rise to torsional oscillations which are small amplitude motions. When the
barrier of rotation of a subunit is lowered large amplitude motions (such as
internal rotation or inversion motion) become possible. Due to internal rotation all
transitions of a rotational spectrum are then doubled. This is another factor which
reduces the intensity of the spectral transitions. The transitions of the 1,2ditluorobenzene ... HCCH dimer spectrum are doubled. This doubling in the
spectrum was identified as an effect of internal rotation. More details on internal
rotation will be given in Chapter 4.

2.3. The Importance of CH ... n Interactions
CH .. .n interactions are very important in the areas of chemistry and
biological sciences. CH . ..n interactions play an important role in maintaining the
structural stability of membrane proteins. 5 These are important interactions
occurring between lipids and proteins in the cellular membrane. 6 The hydrophobic
-CH groups of carbohydrates and the n-electron clouds of amino acids form
CH .. .n interactions which are significant in ligand recognition functions m
carbohydrate binding proteins. 7 In supramolecular chemistry these forces are
important in guiding crystal packing. 8 Because of these reasons, analysis of
CH ... n interactions have attracted special interest in the field of molecular
spectroscopy.

2.3.1. An Introduction to CH/rr Interactions
The interaction forces acting on molecules can be categorized into interand intra-molecular chemical interactions. These interaction forces can be
23

distinguished as attractive or repulsive and strong or weak. 9 The chemical and
physical properties of these orgamc compounds depend on the behavior of these
interactions acting on a molecule. In the determination of shape or conformation
of molecular assemblies the most important type of interactions are non-covalent
forces which are much weaker in strength than covalent interactions. These noncovalent interactions are intramolecular or intermolecular interactions which can be
categorized into van der Waals (or London dispersion forces), hydrogen bonds,
1r.. .rr

stacking, and CH ... rr interactions. Van der Waals forces are in the range of

0.5-1 kcal mor 1 while covalent bonds have much higher strengths in the range of
85-170 kcal mor 1• ' 0
A CH ...rr interaction can be described as an interaction between a soft
acid and a soft base.9 In the 1,2-difluorobenzene ...HCCH dimer, the soft acid is
the =CH of acetylene (which is the electron acceptor) and the soft base is the rrelectron cloud of 1,2-difluorobenzene (which acts as a weak electron donor). It is
important to compare the energies of CH ... rr interactions with respect to H-bonds
since some scientists consider the CH ... rr interaction as the weakest H-bond that
can occur in a molecular system. 9 The energies of CH ... rr interactions and Hbonds of 0-H and N-H are around 1 kcal mor' and 3-7 kcal mor' respectively.
Although CH ... rr interactions are categorized as weak H-bonds, there are
significant differences between H-bonds and CH ... rr interactions. Recent studies
using high level ab initio calculations of CH ... rr clusters 11 (for example, benzene
clusters with ethane, methane and propane etc.) in the gas phase have shown that
the major interacting force of CH ... rr interactions is dispersion and the
24

electrostatic contribution is small, whereas in H-bonds it is mainly the electrostatic
contribution that dominates due to the interaction of hydrogen with a strongly
electronegative atom. The other major difference is the bond directionality between
the two types of interactions. A strong H-bond (X-H ... Y, where X and Y are
electronegative atoms such as F, 0, or N) is close to linear, 12 which means it has
a bond angle (L(X-H ... Y)) of nearly 180°. Since the electrostatic forces are weak
in CH .. .n interactions, the bond directionality is lower than H-bonds, and angles
can be significantly different from 180°. This weakens the strength of CH ...n
interaction of a molecular system.

2.3.2. Methods of Detecting CH ... 1t Interactions
NMR (Nuclear Magnetic Resonance) spectroscopy is one technique that has
been used to detect CH . . .n interactions in solutions. It was discovered that strong
scalar couplings (J coupling) exist between electron donors and acceptors in Hbonds indicated as a splitting of a signal which can be detected using NMR
spectroscopy. 13 In CH ...n interactions weak scalar couplings exist and these can
be detected by high resolution NMR spectroscopy. 14 Scalar coupling in a H-bond
can be defined as an interaction between the donor electrons with half integer
spins and the acceptor hydrogen nucleus. Scalar coupling gives rise to equally
split doublets in the NMR spectrum. The magnitude of this separation of
frequencies is called J-coupling constant. If the coupling is strong the J-coupling
constants have large values whereas in a molecular complex with a weak scalar
coupling the J-coupling constants have small values. Complexes with CH .. .n
interactions show weak scalar coupling with small J-coupling constants. 14
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Another important technique for detecting CH .. .n interactions is IR
(Infrared) spectroscopy. In IR spectroscopy, H-bonds (for example X-H ... Y) are
detected by the red shift (shift to lower frequency) in the X-H stretching
frequency (and a heightened intensity in the IR spectrum). As the length of X-H
increases, the H-bond between X-H ... Y gets stronger. A blue shift (a shift to
higher frequency) in the stretching frequency in the IR spectrum is detected when
the X-H bond length decreases in an X-H ... Y hydrogen bond (and a decreased
intensity in IR spectra is also usually seen). 15 Theoretical studies of benzenes and
hydrocarbons have shown that CH .. .n interactions can be detected by the blue
shifts in the stretching frequency of C-H bond in the IR spectrum. 16
CH .. .n contacts in solid state crystal structures are detected usmg X-ray
crystallography. This technique provides the most accurate structural data such as
inter- and intramolecular bond lengths and the bond angles including CH .. .n
distances of the crystal structures. 17 However , the solid state parameters may not
properly describe the structure of a complex since X-ray crystallography cannot
identify "forced interactions" (where two atoms that are not actually interacting
may end up close together only as a result of interactions occurring somewhere
else in the crystal structure).
As mentioned earlier in this thesis, a microwave spectroscopic study of the
CH ...n interaction in 1,2-difluorobenzene ... HCCH dimer is discussed. By using

microwave spectroscopic data it is possible to obtain accurate structural parameters
of weakly bound dimers in the gas phase. The main objective in microwave
spectroscopy is to obtain accurate rotational constants for a specific gaseous
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molecular complexes by spectral analysis. These rotational constants are very
important parameters in the determination of inter- and intramolecular bond
distances. In microwave spectroscopic studies the strength of the intramolecular
interaction of the molecular complex is important. If the interaction is not strong
enough, formation of the complex is reduced and affects intensity of the rotational
transitions thus the signals are too weak to be detected.

2.4. Microwave Spectroscopic Studies of CH ... n Interactions
There are relatively few rotational spectroscopic studies that have been
carried out on CH .. .n interactions. Most of the high resolution rotational
spectroscopic studies have been done on H .. .n interactions.2 These complexes are
benzene with HF, 18 HCl, 19 HBr, 20

HCF 3, 21 and HCN. 22 Benzene with itself 23 is a

recent example for a complex with a CH .. .n interaction. There are two complexes
that have been experimentally studied earlier in the Peebles group at Eastern
Illinois University. These complexes are benzene ...HCCH 1 and
fluorobenzene ... HCCH.2
The benzene ... HCCH 1 complex is a typical example of a prolate symmetric
top molecular complex with a CH .. .n interaction. This structure is presented m
Figure 2.2. In the benzene ... HCCH complex, the acetylene molecule lies
perpendicular to benzene. This is a high symmetric complex with a

C6v

point-

group and has a permanent induced dipole moment which interacts with the
microwave radiation to produce the rotational spectrum. The experimental CH .. .n
distance in this complex is 2.4921 (1) A. 1
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R(H ... rr)

=~.4921(1) A

~~

~__;---v
Figure 2.2 : CH .. . n interaction and the structure of benzene .. .HCCH dimer. 1
Fluorobenzene ... HCCH 2 (Figure 2.3) is an example of an asymmetric top
molecular complex (in which the principal moments of inertia of the complex are
not equivalent, Ia*Ib*.fc) with a Cs point-group symmetry and has a strong dipole
moment. In this complex, the acetylene molecule is tilted towards the fluorine
atom, slightly disrupting the T-shape. The distance between centers of mass of
two monomers (Rem) is 4.180(10)

A and the H .. . n distance of this complex is

2.49(5) A. 11

f RcM =4.180(10) A
: : R(H .. .TT) = 2.49(5) A

Figure 2.3: CH .. . n interaction and the structure of fluorobenzene ... HCCH. 2
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By comparing the H .. .n distances of the two complexes, benzene ... HCCH 1
and fluorobenzene ... HCCH, 2 it was apparent that one fluorine substitution does not
significantly change the CH .. .n distance: 2.49 A. But there is a significant
difference in the binding energies of the complexes. The experimentally obtained
binding energy of benzene .. .HCCH 1 is -7.1 kJ mor' and the binding energy of
fluorobenzene .. .HCCH 2 is -4.1 kJ mor 1• Recently, high level ab initio
CCSD(T)/CBS studies were carried out to calculate the binding energies for the
benzene .. .HCCH 1 and fluorobenzene ... HCCH complexes. 2 The calculated binding
energies of these complexes were determined to be -13 .0 kJ mor' and -11.2 kJ
mor 1 respectively,24 again suggesting fluorobenzene ... HCCH is slightly less
strongly bound than benzene . .. HCCH.
In benzene the n-electron density is higher than the n-electron density in
fluorobenzene. Therefore, benzene seems to have a higher electron donating ability
than fluorobenzene. So the binding energy of the benzene ... HCCH complex is
slightly higher than fluorobenzene . .. HCCH. The n-electron density of benzene and
fluorobenzene can be visualized using electrostatic potential plots which will be
discussed in Chapter 3, Section 3.8.
Fluorobenzene ... HCCH 2 is a polar molecular complex with a permanent
dipole moment whereas benzene ... HCCH 1 has a permanent induced dipole
moment. The benzene .. .HCCH 1 complex has a quadrupole-quadrupole interaction
due to the quadrupole moments occur between benzene and acetylene.
Fluorobenzene ... HCCH 2 complex has dipole-quadrupole and quadrupole-quadrupole
interactions due to the dipole and quadrupole moments of fluorobenzene and
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quadrupole moment of acetylene. These additional electrostatic interactions could
be responsible for the CH .. .n bond length of fluorobenzene ... HCCH.
To explain this further more data on fluorinated benzene ... HCCH
complexes is required so that any trends in bond distances can be identified. This
is one of the reasons we chose to study difluorobenzene ... HCCH complexes.
According to the previous studies 1' 2 that have been done on the complexes with
CH .. .n interactions it might be predicted that the experimental binding energy of
the complex could decrease as the fluorination increases. The dimer structures of
the difluorobenzene .. .HCCH complexes can be predicted using theoretical
calculations which will be discussed in Chapter 3.
In the experimental studies, only the dimer 1,2-difluorobenzene ... HCCH
complex will be presented since 1,2-difluorobenzene monomer has the highest
dipole moment when compared with 1,3-difluorobenzene and 1,4-difluorobenzene.
Since the magnitude of the dipole moment affects the intensity of the rotational
transitions of complex, the dimer 1,2-difluorobenzene ... HCCH complex is expected
to have the strongest rotational spectrum of the three possible
difluorobenzene ... HCCH complexes. The spectral analysis of the 1,2difluorobenzene . ..HCCH is discussed in Chapter 4 in detail followed by an
explanation of the spectral fitting process.
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Ab initio Results and Analysis of Ortho-,
Meta- and Para-Difluorobenzene ... HCCH
Complexes

Chapter 3
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3.1. Outline
This chapter reports on computational calculations that were performed for
three different difluorobenzene ... HCCH dimers: 1,2-difluorobenzene ... HCCH, 1,3difluorobenzene ... HCCH and 1,4-difluorobenzene ... HCCH. In the first section a
brief description of why MP2 is selected as the level of calculation is given and
an explanation of the basis sets and basis functions used in this study is included.
It is followed by a description of structure optimization process of Gaussian 03 1•

Finally, results of the computational calculations obtained for the three types of
difluorobenzene ... HCCH dimers are analyzed in detail.

3.2. Introduction
The main motivation for studying difluorobenzene ... HCCH complexes is to
understand how fluorination affects the CH ... rr interaction and structure of the
complexes and how they differ from benzene ... HCCH 2 and
fluorobenzene ... HCCH. 3 There are three types of difluorobenzenes: (1,2) ortho- ,
(1 ,3) meta-, and (1,4) para-difluorobenzene. In these complexes the electron
distribution is different from each other and the polarity of the three
difluorobenzene monomers decrease as given, ortho- > meta- > para-. The polarity
is measured by the total electric dipole moments of the three individual monomers
where the total dipole moments of 1,2-difluorobenzene, 1,3-difluorobenzene and
1,4-difluorobenzene are 2.59 D4 , 1.51 D4 and 0.00 D, respectively. For the
experimental studies, 1,2-difluorobenzene ... HCCH was selected first since it has
the largest dipole moment and so will provide the most intense rotational
transitions when compared with the other two difluorobenzenes. The ab initio
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calculations were performed on all three types of difluorobenzene ... HCCH
complexes since it is important to identify how the position of acetylene molecule
affects the CH .. .n interaction of the lowest energy structures of the three types of
the difluorobenzene ... HCCH complexes. In this chapter all the results of ab initio
calculations done for difluorobenzene ... HCCH complexes will be presented.
In molecular spectroscopy, theoretical calculations can be helpful in vanous
ways. Using these calculations it is possible to obtain total energies for the most
stable molecular systems (the lowest energy structure of a particular complex) and
it can predict molecular properties such as rotational constants and dipole
moments of the system. These molecular properties can be used to predict the
transitions and their intensities in the rotational spectrum of that particular
molecular system. With the assistance of a prediction it is then usually relatively
easy to find transitions of an experimental spectrum of the structure that is being
analyzed. Other than predicting molecular energies and molecular properties as
described above, ab initio calculations can be used to investigate pathways of
internal motion of a complex by a potential energy scan of the system, and
therefore help to determine the lowest energy barrier pathway for a specific
internal motion allowing an estimate of the barrier energies for that pathway.
Also, ab initio calculations can be used to obtain electrostatic potentials of
molecular complexes. Electrostatic potentials describe the electron density of a
molecular system. These were created for the lowest energy complexes of
difluorobenzene ... HCCH structures and will be presented later in this chapter.
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3.3. An Introduction to Ab initio Calculations
In this section the theoretical background of ab initio calculations is
discussed. Ab initio calculations are based on solving the Schrodinger equation for
a particular molecular complex. 5 This provides results on the total energy of that
molecular system. The level of calculations used for these systems is second-order
M0ller-Plesset Perturbation Theory (MP2).6 MP2 is a level that is widely used for
theoretical calculations of weakly bound dimer complexes since electron
correlation energy is taken into consideration. Electron correlation is very
important in weakly bound dimer complexes such as complexes with CH ... rr
interactions where the dispersion interactions play a dominant role. As the
electrons in a molecular structure move, they interact with each other and tend to
move apart due to repulsive forces between electrons. These instantaneous
interactions of moving electrons are defined as electron correlations 7 which give
nse to instantaneous induced dipole moments of the interacting subunits. The
interactions between these subunits of dimers can be categorized as induced
dipole-induced dipole forces (dispersion forces) which gives rise to CH ...rr
interactions 8 between the rr-electron cloud of 1,2-difluorobenzene and the =CH
group of acetylene. Since high level ab initio methods use electron correlation m
molecular energy calculations (MP2, MP4, etc ... ) they are most suitable in
calculating the energies of molecular complexes containing CH ... rr interactions.

3.3.1. The Basis Set
Selection of a suitable basis set is very important when performing
computational calculations. The accuracy and validity of results depend on the
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basis set that is being used for the calculations. The basis set used for this study
is 6-311 ++G(2d,2p). This basis set has been successfully used in previous studies
on benzene ... HCCH2 and fluorobenzene ... HCCH dimers. 3 It was shown that this
basis set gives good predictions (usually within 5% or better of experiment) of
rotational constants and dipole moment components when compared with
experiment results (Table 3.1 ).
Table 3.1: Comparison of ab initio results and experimental results of

benzene ... HCCH2 and fluorobenzene ... HCCH3 dimer.
Benzene ... HCCH
Ab initio
Rotational
Constants
(MHz)

Experimental
Rotational
constants
(MHz)

A: 2846
B: 1199

B: 1148.89656(25)<•>

c: 1199
Dipole
moments (D)
µtotal : 0.48

Fluorobenzene ... HCCH
Ab initio
Rotational
Constants
(MHz)

A: 1792.8

A: 1803 .40879(18)

B: 1131.8

B: 1086.62639(16)

C: 918.4
Dipole
moments (D)
µtotal : 0.438(11)

Experimental
Rotational
constants
(MHz)

·c:

887.51313(14)

Dipole
moments (D)
µ. : 0.040

Dipole
moments (D)
µ. : 0.0335(9)

µb: 1.570

µb: 1.502(6)

(a)Since benzene . .. HCCH is a symmetric top only the B rotational constant is determined
experimentally.

In the benzene ... HCCH complex, the ab initio and experimental values of B
rotational constant have a percent relative error of 4.4% . In fluorobenzene ... HCCH
the percent relative error of ab initio and experimental values of A, B and C
rotational constants are - 0.6%, 3.9% and 3.4% respectively.
A basis set2 is a set of Gaussian type functions that are used to generate
atomic orbitals (s, p, d and f) which then form molecular orbitals by linear
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combination of atomic orbitals. The size of a basis set can be expanded by
adding polarization functions and diffuse functions to improve the atomic orbital
description further. When atomic orbitals of a molecular system interact with each
other they tend to distort as they are moved closer. This causes a charge
separation of the molecule which is called polarization. In the basis set,
polarization effects of the molecular system are improved by adding polarization
functions. These functions used for the dimer 1,2-difluorobenzene ... HCCH are
denoted by 2d and 2p which describe heavy atoms and hydrogen atoms in the
system respectively. Polarization functions allow molecular orbitals of the complex
to distort freely and more accurately represent the true charge distribution.
Diffuse functions are used to describe the electrons that are fairly far away
from the nucleus. The diffuse functions of the basis set are symbolized by plus
(++) signs. In the optimization process adding polarization functions and diffuse
functions to the system 1,2-difluorobenzene . .. HCCH is very important since it is a
complex with weak non-covalent interactions which arise due to induced dipoleinduced dipole interactions (dispersion forces). Therefore the choice of proper basis
set improves the accuracy of the energy calculations of weakly bound complexes.

3.3.2 Structure Optimization
Structure optimization is the process used to find the most stable conformer
for a particular molecular system. The initial step in structure optimization is to
build a graphical representation (using Gaussian 03 1) of the system under study
using relevant atoms and bond types. Once the structure is built, the initial
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geometry of the structure is represented by internal co-ordinates of the atoms.
Internal co-ordinates of the molecular structure define the position of each atom
with respect to each of its neighboring atoms. The program (Gaussian 03 1)
calculates the total energy and the molecular forces acting on the atoms for this
initial structure. The program then adjusts the structures in the molecule to
mm1m1ze its energy and forces acting on atoms to generate the equilibrium state
structure.
The optimization process considers four factors . They are Maximum Force,
RMS (root mean square) Force, Maximum Displacement and the RMS
Displacement. The first two factors determine the magnitude of the forces which
act on the atoms of the molecule and the other two factors determine the
displacements of atoms of the molecular system during optimization steps. The
program changes the structure at each step and then recalculates these four criteria
to see if it is below the threshold values which were initially chosen by the
program. When this procedure is completed the structure is said to have
"converged". The converged structure has the lowest energy and no further
structural changes would result in improvement in the value of the total energy of
the complex. This final structure is called the equilibrium state structure.

39

Item
Maximmn
Force
Force
RMS
Maximmn
Displacement
Displacement
RMS
Predicted change in Energy

Value
0.015058
0.003911
0.040986
0.016417
-2.307765D-03

Threshold
0.00045
0.0003
0.0018
0.0012

Converged?
NO
NO
NO
NO

Figure 3.1: A section of an output file which displays the initial stage of
optimization, where the forces and the distances have not reached the threshold
values.

Figure 3. 1 shows the output in the initial stages of optimization. This indicates
that the specified forces and the displacements have not reached the threshold
values. Figure 3.2 gives the section of the output when the structure is optimized
in which all the above parameters have reached the required threshold values. In
this case (1 ,2-difluorobenzene ... HCCH), it took 81 optimization steps to reach the
"convergence" from the particular starting orientation which was chosen.

Item
Force
Maximum
Force
RMS
Displacement
Maximmn
Displacement
RMS
Predicted change in Energy

Value
0.000030
0.00000
0.0009 9
0.000210
-3.963219D-09

Threshold
0.00045
0.0003
0.0018
0.00 12

Converged?
YES
YES
YES
YES

Figure 3.2: A section of the output file after the structure has optimized, and the
forces and distances have reached below the threshold values.
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After the optimization process is completed, the total energy, rotational
constants and dipole moments from the output file were recorded. The total
energies for many possible configurations (starting from a number of different
possible alignments of the two monomers) must be calculated to find the most
stable structure. The lowest relative energy structure was selected from all these
configurations of the molecular complex by comparing relative energies of the
optimized structures. This is the structure that is expected to be observed under
experimental conditions and upon which all predictions of rotational spectra will
be based.

3.3.3. Basis Set Superposition Error (BSSE) Correction
Basis set superposition error8 is a common problem which anses m
computational work for weak complexes due to the use of "finite" basis sets.
BSSE is very important when calculating molecular energies of weakly bound
dimers. In a weakly bound molecular system X .. . Y, the basis functions that are
used for X are available for Y and vice versa. Therefore X in the X ... Y complex
has a bigger basis set available for describing its electron density than the isolated
X, and Y has a bigger basis set than the isolated Y. In a weakly bound
molecular complex X .. .Y, these two monomers (X and Y) are borrowing basis
functions from each other. This overlapping of basis functions (which are used to
describe the atomic orbitals), causes the calculated energy to be decreased
artificially which therefore incorrectly increases the binding energy of the complex.
This is called the basis set superposition error (BSSE). BSSE should be corrected
in weakly bound dimers to calculate accurate binding energies of the complexes
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smce the BSSE can be the same order of magnitude as the interaction energy
itself. BSSE can be corrected by the counterpoise method. 9 In the counterpoise
method the calculated energy is corrected by removing the contributions of the
basis function borrowing to the overall energy. This is done automatically in
Gaussian 03 1 using the "counterpoise" keyword. The counterpoise correction was
performed only for the lowest energy structure of 1,2-difluorobenzene ... HCCH
dimer since it is the structure that was chosen to study experimentally.

3.4. Ab initio Calculations: Results Obtained for the Dimer
1,2-Difluorobenzene ... HCCH
As mentioned earlier, ab initio calculations are used to obtain energies of
the 1,2-difluorobenzene ... HCCH dimer in equilibrium state. The lowest energy
structure obtained for 1,2-difluorobenzene ... HCCH (Figure 3.3) is where the
acetylene molecule is tilted towards the fluorine atoms and lies on the

(J0 c

mirror

plane of the 1,2-difluorobenzene monomer. This is an asymmetric top polar
molecular complex with a Cs point-group symmetry. This complex has strong µa
and µb dipole moment components and the µc dipole moment component is zero.

a)

b

b)
I
I

CH ... n distance= 2.60 A

Figure 3.3: The lowest energy structure obtained for the 1,2-difluorobenzene... HCCH
dimer a) with its principal axes system b) CH ... n distance of the dimer.
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The relative energies, theoretical binding energies (BSSE uncorrected), rotational
constants and dipole moment components obtained for all observed ab initio
structures of the 1,2-difluorobenzene ... HCCH dimer are tabulated in Table 3.2.
Spectroscopically, the most important structure is the lowest energy
structure since it is the structure that should be seen experimentally. The ab initio
rotational constants and dipole moment components are used to predict the
rotational spectrum of the 1,2-difluorobenzene . .. HCCH dimer. In the lowest energy
structure the dipole moment components µ 0 and µb exist mainly due to projection
of the total dipole moment of 1,2-difluorobenzene monomer into the principal axis
system of the dimer since acetylene on its own does not have a dipole moment.
Nevertheless there will be a small induced dipole moment during formation of the
dimer due to the charge separation of the two subunits. In the 1,2-difluorobenzene
monomer, the total dipole moment is projected along the a principal axis, whereas
in the dimer the total dipole moment is projected along the a and b principal
axes. This is illustrated in Figure 3.4.

c

"

b

Figure 3.4: Principal axis system and the direction of dipole moment components
of 1,2-difluorobenzene monomer a) ab plane of the monomer b) ac plane of the
monomer c) ab plane of 1,2-difluorobenzene ... HCCH dimer.
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The experimental total dipole moment of 1,2-difluorobenzene monomer is
2.59 D. 4 Calculated ab initio values of the 1,2-difluorobenzene monomer and the
1,2-difluorobenzene ... HCCH dimer are 2.63 D and 2.33 D respectively. The ab

initio and experimental total dipole moment of 1,2-difluorobenzene monomer agree
with each other with a percent relative error of 1.5%. The induced dipole moment
of the dimer is projected towards the opposite direction of the 1,2-difluorobenzene
monomer dipole moment which in tum reduces the total dipole moment of the
complex by 0.30 D. The total dipole moment of the complex is projected towards
the a and b principal axes which gives rise to µa and µb dipole moment
components. They are predicted to be 1.63 D and 1.67 D respectively. Due to the

Cs symmetry of the dimer, the projection of the total dipole moment along the caxis is zero. These µa and µb dipole moments give rise to a and b-type
transitions and c-type transitions will be absent in the spectrum. These strong a
and b type transitions give rise to an ab type constant difference pattern which
was discussed in Section 1.3.2. These constant difference patterns are very useful
in identifying the correct rotational transitions. The intensity of these a and b-type
transitions are determined by µa and µ b dipole moment components. The ratio of
the intensity of a and b-type transitions in the predicted spectrum is nearly 1: 1.05
(1.63 2 : 1.672 ). But in the experimental spectrum it was observed that the intensity
of a-type transitions are higher than b-type transitions. This will be discussed in
Chapter 4.
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Table 3.2: Ab initio results obtained for the 1,2-difluorobenzene ... HCCH dimer.
Optimized
Structure

Relative
Energy
(cm-1)

Theoretical
Binding
Energy
(kJ mor1)

Rotational
Constants
(MHz)

Dipole
Moments
(D)

0.0

-16.3

A: 1366.74
B: 1167.43
C: 1025.52

µ. :
µb :
µ., :
µtot :

125.5

- 14.8

A: 1377.37
B: 926.78
C: 839.34

µ3 :
µb :
µ.,:
µtot:

1.63
1.67
0.00
2.33

II

0.70
2.47
0.03
2.57

Ill

142.2

- 14.6

A: 1404.53
B: 920.85
C: 842.11

µ3 : 0.89
µb: 2.44
µ.,: 0.26
µtot: 2.62

- 10.4

A: 2 152.21
B: 709.90
C: 533.82

µa :
µb :
µ., :
µtot:

0.29
2.65
0.00
2.67

- 9.9

A: 2352.62
B: 655.84
C: 528.33

µ. :
µb :
µ.,:
µtot:

1.99
1.96
0.01
2.80

IV

489.1

v
530.7
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The theoretical binding energies of the dimers are tabulated in Table 3.2.
Binding energy of a dimer is defined as the energy required to dissociate the
dimer into its monomer units. This is calculated theoretically using the formula
(3.1) given below.

Binding energy = Energy dimer - Energy monomerl - Energy monomer2

3.1

Comparisons of CH ... n: distances of the complexes in Table 3.2 are
discussed in this section. The 2nd lowest energy structure (II) of the 1,2ditluorobenzene .. . HCCH dimer is shown in Figure 3.5.

CH . .. n: distance= 2.39 A

Figure 3.5: CH .. .n: interactions of structure II (2nd lowest energy structure).

The second lowest energy structure (II) of the dimer is where the HCCH
molecule is perpendicular to the 1,2-difluorobenzene monomer. This structure has
a

Cs point-group symmetry. This is similar to the lowest energy structure of

benzene ... HCCH dimer. 2 In experimental conditions the rotational spectrum of this
particular structure would not probably be observable due to its higher relative
energy 125.5 cm- 1• As mentioned earlier, 1,2-ditluorobenzene ... HCCH complex
undergoes internal rotation. Because of the similarity of structures I and II
structure II might be a possible transition state in one of the rotational pathways
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m which the acetylene molecule can rotate (perpendicular to the principal axis a
of the dimer) with respect to 1,2-difluorobenzene monomer. This 1s presented
graphically in Figure 3.6.

a

b

Structure I

Structure II

Figure 3.6: A possible rotational pathway of structure I involving rotation of

acetylene molecule with respect to the 1,2-difluorobenzene monomer. Structure II
might then be a possible transition state structure for this motion.
If the acetylene molecule of structure I rotates around its C2 principal axis

as shown above in Figure 3.6 the acetylene molecule should get closer to the 1,2difluorobenzene ring. The CH .. .n distance of the complex II is 2.39 A whereas in
structure I the CH .. .n distance is 2.60 A. This shortening of the CH ... n distance
of structure II is another possible indication that structure II might be predicted as
a transition state of this specific rotational pathway. Since the relative energy of
structure II is high (125 .5 cm- 1) this rotational pathway cannot be considered as
the only way which acetylene molecule can rotate with respect to the 1,2difluorobenzene monomer.

In structure III (Figure 3.7) the acetylene is not perpendicular to the ring
plane (as in structure II) but the free end of acetylene molecule (non-interacting
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end of acetylene with the ring) has tilted away from the fluorine atoms of the
1,2-difluorobenzene monomer. This structure therefore has a C 1 point group
symmetry. The relative energy of this structure is 142.2 cm- 1• The relative energy
difference between the structures II and III is 17 .3 cm- 1•

a)

b)

I

CH ...n distance= 2.39

A

Figure 3.7: CH .. .n interaction of 1,2-difluorobenzene ...HCCH dimer (III) a) view
along the C2 axis of the 1,2-difluorobenzene monomer b) the side view of the
dimer.

Structures IV and V have the highest relative energies (489.1 cm- 1 and
530.7 cm- 1, respectively). These structures do not have CH .. .n interactions in
which the acetylene molecule directly interacts with the n-electron cloud of the
1,2-difluorobenzene monomer. However the hydrogen atoms of 1,2-difluorobenzene
monomer do interact with the electron-rich -C=C- region of acetylene molecule to
form a different type of CH .. .n interaction. In structure IV the acetylene lies in
the same plane as the 1,2-difluorobenzene monomer. Also structure IV has a Hbond which forms with a fluorine atom of 1,2-difluorobenzene and the hydrogen
of the acetylene monomer. In structure V the n-electron cloud of the acetylene
molecule acts as an electron donor for the -CH groups of 1,2-difluorobenzene
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monomer to form weak CH .. .n interactions. These structures are presented in
Figure 3.8. These CH .. .n distances have relatively larger values (IV: 2.89 A, V:
2.97 A and 2.90 A) than structure I, II and III (I: 2.60 A, II: 2.39 A and III: 2.39

A).

v

IV
H ... F distance= 2.47 A

CH .. .n distance = 2.90 A

CH .. .n distance = 2.97 A

Figure 3.8: The highest energy structures (IV and V) of the dimer

1,2-difluorobenzene ...HCCH.

3.5. Ab initio Calculations: Results obtained for the Dimer
1,3-Difluorobenzene ... HCCH
In addition to 1,2-difluorobenzene ... HCCH, theoretical calculations were
also performed for the other two difluorobenzene ... HCCH complexes (1,3difluorobenzene ... HCCH and 1,4-difluorobenzene ... HCCH). The computational
results obtained for 1,3-difluorobenzene ... HCCH and 1,4-difluorobenzene .. .HCCH
dimer complexes are discussed in sections 3.5 and 3.6. Tables 3.3 and 3.4
provide the relative energies, theoretical binding energies, rotational constants and
dipole moment components of the structures.
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Table 3.3: Ab initio results obtained for the
Optimized
Structure

Relative
Energy
(cm- 1)

1,3-difluorobenzene ... HCCH dimer.

Theoretical
Binding
Energy
(kJ mor')

VI
0.0

VII

35.5

-15.0

- 14.5

Rotational
Constants
(MHz)

A: 1378.80
B: 1026.94
C: 865.19

A: 1200.59
B: 1006.31
C: 768 .70

A: 1368.58

VIII

126.3

- 13.5

354.0

- 10.7

IX

B:
C:

I 156.33
940.70

A: 1761.37
B: 807.38
C: 553.61

Dipole
Moments
(D)

µ. : 0.10
µb: 0.41
~:

1.36
~01 : 1.43

µ. : 0.07
µb : 0.00

µc : 1.56
µIOI : J.56

µ. : 0.00
µb : 0.18
µc : 1.54
~01: 1.55

µ. :
µb :
µc :
µIOI:

1.40
0.46
0.00
1.48
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The lowest energy structure (VI) of 1,3-ditluorobenzene .. .HCCH dimer is
given in Figure 3.9. The acetylene molecule of this structure is tilted towards one
of the fluorine atoms and it lies over a C-F bond. Therefore this structure has a
C 1 point group symmetry.

a)

b)

b

I

CH .. .n distance= 2.54 A

a
Figure 3.9: The lowest energy structure obtained for 1,3-ditluorobenzene . .. HCCH
dimer a) with its principal axes system b) CH ... n distance of the dimer.
In this complex, the µa, µb and µc dipole moment components are 0.10 D, 0.41 D
and 1.36 D respectively. This indicates that this complex gives rise to strong ctype transitions. The experimental dipole moment of 1,3-ditluorobenzene is 1.51
D.4 The theoretically calculated dipole moment for 1,3-ditluorobenzene monomer is
1.57 D. Comparison of ab initio and experimental dipole moment components of
the 1,3-ditluorobenzene monomer show a percent relative error of 4%. It would
probably not be possible see a and b-type transitions in the rotational spectrum
since the intensities of these transitions are too small. Intensity ratio of the a, b
and c-type transitions is 1:17:185 (0.1 2 :0.41 2 :1.362) . Since 1,2-
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difluorobenzene ... HCCH undergoes internal rotation there is a possibility to predict
that 1,3-difluorobenzene ... HCCH molecule could also undergo internal motion
according to the rotational pathway given in Figure 3.10 and structure VII
(Figure 3.11) could then be a possible transition state of this motion. This is
actually an inversion motion (see section 1.6) since µc is inverted during the
motion. The relative energy difference of structure VI and structure VII is 35.5
cm- 1, so there is also a possibility of observing rotational transitions of this
structure (VII) in a rotational spectrum. As compared to the dimers of 1,2difluorobenzene .. . HCCH (structure I and II) the CH .. .n distance has decreased m
structure VII by 0.15 A.

Figure 3.10: A possible inversion motion of the lowest energy structure of
1,3-difluorobenzene ... HCCH (structure VI) involving rotation of the HCCH about
its rotational axis.

I

CH . ..n distance= 2.39 A

Figure 3.11: 2nd lowest energy structure (VII) of the 1,3-difluorobenzene...HCCH
dimer.
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Structure VIII (Figure 3.12) does not have a CH ... re interaction between two
monomers, instead it contains a re ... re interaction. The re ... re distance is measured
from the center of the -C=C- to the center of the 1,3-difluorobenzene ring. The
measured re ... re distance (3.32 A) is longer than the measured CH ... re distances
(structure VI: 2.54 A, structure VII: 2.39

A).

The relative energy difference of

structure VIII is 126.3 cm- 1•
I

re . .. re distance= 3.32 A

Figure 3.12: re ... re interaction of 1,3-difluorobenzene ... HCCH dimer (structure
VIII).
The highest energy structure, IX (Figure 3.13) is a planar structure. This
structure does not have CH ... re interactions where acetylene molecule directly
interacts with the re-electron cloud of 1,3-difluorobenzene monomer. But the
hydrogen atom (which is closer to the acetylene molecule) of 1,3-difluorobenzene
monomer interacts with the -C=C- region of acetylene molecule to form a CH .. .re
interaction. Also structure IX has a H-bond which forms with a fluorine atom of
1,3-difluorobenzene and the hydrogen of acetylene monomer. As in structure IV,
the acetylene molecule lies in the same plane as the 1,3-difluorobenzene monomer.
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CH ... n: distance= 2.79

A

Figure 3.13: The highest energy structure (IX) of the 1,3-difluorobenzene ... HCCH
dimer.

3.6. Ab initio Calculations: Results Obtained for the 1,4Difluorobenzene ... HCCH Dimer
1,4-Difluorobenzene ... HCCH is the final dimer structure of the
difluorobenzene ... HCCH complexes that will be discussed here. In this, the lowest
I

energy structure of 1,4-difluorobenzene ... HCCH dimer is where acetylene lies
nearly perpendicular to the 1,4-difluorobenzene monomer (Figure 3.14).

a)

b)

c
CH ... n: di~tance = 2.39

A

b

Figure 3.14: The lowest energy structure of the 1,4-difluorobenzene... HCCH dimer
(structure X) a) with its principal axes system b) CH .. :n: distance of the dimer.
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The dipole moment of 1,4-difluorobenzene monomer is zero since the
fluorine atoms in 1,4-difluorobenzene withdraw electrons towards each other in the
same magnitude but opposite directions. This cancels the dipole moment along the

C2 axis contains the two C-F bonds. But 1,4-difluorobenzene ... HCCH dimer has a
total dipole moment of 0.32 D, which is projected along the a and b principal
axes due to the formation of the dimer. Relative energies, theoretical binding
energies, rotational constants and dipole moment components of
1,4-difluorobenzene ... HCCH are tabulated in Table 3.4. The lowest energy
structure of the 1,4-difluorobenzene .. .HCCH dimer is different from that of
1,2-difluorobenzene ... HCCH or 1,3-difluorobenzene .. .HCCH since the acetylene
molecule is nearly perpendicular to the ring plane of the 1,4-difluorobenzene
monomer.
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Table 3.4: Ab initio results obtained for 1,4-difluorobenzene ... HCCH dimer.
Optimized
Structure

Relative
Energy
(cm-1)

Theoretical
Binding
Energy
(kJ mor 1)

x

Rotational
Constants
(MHz)

A: 1155.53

Dipole
Moments
(D)

µa : 0.23
µb : 0.23
~ : 0.01
µtot : 0.32

0.0

-14.5

XI

1.9

- 14.4

A: 1230.45
B: 1063 .03
C: 714.33

µa :
µb :
µc :
µtot:

XII

48.3

- 13.9

A: 1570.52
B: 1100.30
C: 839.01

µa : 0.00
µb : 0.01
µc : 0.00
µtot : 0.01

- 10.6

A: 2445 .88
B: 604.63
C: 484.80

µa : 0.03
µb : 0.05
µc : 0.00
µtot: 0.06

B: 1103.26
C: 705.12

0.12
0.30
0.04
0.32

XIII
318.7

In the 2°ct lowest energy structure (XI), the acetylene molecule is tilted towards
the fluorine atom of 1,4-difluorobenzene monomer. The relative energy difference
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between structures X and XI is 1.9 cm- 1• Therefore structure XI (Figure 3.15)
probably just represents a torsional oscillation of structure X rather than a
different structure.

CH .. .n distance= 2.41 A
I

Figure 3.15: 2°d lowest energy structure (XI) of the 1,4-difluorobenzene...HCCH
dimer.
The CH .. .n distances of these complexes were taken from the hydrogen atom of
acetylene to the center of 1,4-difluorobenzene. The most important thing in
common with the CH .. .n distances of structures II: 2.39 A, VII: 2.39
and XI: 2.41

A, X: 2.39 A

A is that they are nearly the same (2.39 A ~ 2.41 A). According to

these distances it can be said that CH .. .n distance decreases in the structures
where acetylene molecule lies perpendicular to the difluorobenzene ring relative to
the structures in which the acetylene molecule is tilted towards fluorine atoms.
Structure XII (Figure 3 .16) has a n ...n interaction as in structure VIII. The
n ... n distance is measured from the center of the -C=C- to the center of the 1,4-

difluorobenzene ring. This is shown in Figure 3.16. The n ... n distances of
structures VIII and XII are nearly equal to each other (3.32

A and

n ... n distance is longer than the CH . .. n distances (2.39 A and 2.41

3.33

A).

This

A) of the

complexes X and XI. This structure -shows a favorable quadrupole-quadrupole
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interaction occurring between the quadrupole moments of acetylene and 1,4difluorobenzene.

CH ... n distance= 3.33 A

Figure 3.16: n ... n interaction of 1,4-difluorobenzene . .. HCCH dimer (XII).
The highest energy structure of 1,4-difluorobenzene ... HCCH is a planar structure
(Figure 3.16) as in V and IX dimer structures discussed earlier.

=

2.91

A

Figure 3.17: The highest energy structure of the 1,4-difluorobenzene ... HCCH
dimer (XIII).
The CH .. .n distances which form from the interaction of the -CH group of the
difluorobenzene monomer and the -C=C- group of the acetylene monomer are
longer than the CH .. .n distances that arise from interaction of the n-electron cloud
of difluorobenzene ring and the =CH group of acetylene molecule. If the bond
strength of the two types of CH .. .n interactions are compared, the n-electron
cloud of difluorobenzene ring and the =CH group of acetylene molecule
interaction clearly has the greatest binding energy. This can be determined by the
distance and the magnitude of the electron acceptor and the electron donor of the
two types of interactions. According to the CH .. .n distances (from the hydrogen
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atom of acetylene molecule to the n-electron cloud of difluorobenzene ring) of the
MP2 level optimized structures it was found that the most favorable distance for
the CH ... n interaction is about 2.39

A. This only changes in structures I (2.60 A)

and VI (2.54 A) in which the acetylene molecule is tilted towards fluorine atoms.

3. 7. Analysis of the Relative Energies of the Structures
The relative energy analysis of these dimer structures (1,2-difluorobenzene,
1,3-difluorobenzene and 1,4-difluorobenzene .. .HCCH dimers) shows that the dimer
complexes with CH .. .n interactions have the lowest relative energies when
compared with structures which do not have CH .. .n interactions (where the n is
the n-electron cloud of the difluorobenzene and =CH group of acetylene
monomer). Binding energies of the lowest energy structures of the three types of
dimers 1,2-difluorobenzene ... HCCH, 1,3-difluorobenzene . ..HCCH and 1,4difluorobenzene ... HCCH are -16.3 kJmor' , -15 .0 kJmor' and -14.7 kJmor'
respectively where 1,2-difluorobenzene . .. HCCH dimer has the highest binding
energy. But in the structures II (Figure 3.5), VII (Figure 3.11) and XI (Figure
3.15) the binding energy of the complexes (-14.8 kJ mor', - 14.5 kJ mor' and
-14.4 kJ mor') are nearly the same. The planar structures of the
difluorobenzene ... HCCH dimers (IV, IX and XIII) have nearly the same binding
energies. They are -10.4 kJ mor', -10. 7 kJ mor 1 and -10.6 kJ mor 1 respectively. In
these planar structures only one H-bond is present in each complex. This could
be a possible reason for nearly the same values of binding energies of structures
IV, IX and XIII. One of the possible reasons for the slightly increased binding
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energy m structure IX could be the -CH group which interacts with -C=C- lies m
between two C-F bonds which makes that -CH group to be more positive due
electron withdrawing effects of fluorine atoms. Comparison of dimer structures are
given in Table 3.5. The reason for higher binding energies of the CH .. .n and

n ... n interacting species is likely to be the number of dispersion forces occurring
between the subunits of the dimer which affects the binding energy of the
complex.
A companson of relative energies was done on the lowest energy structures
of difluorobenzene .. .HCCH dimer structures (I, VI, X) and it was found that the
1,2-difluorobenzene ... HCCH has the highest relative energy when compared with
1,3-difluorobenzene .. .HCCH and 1,4-difluorobenzene .. .HCCH. These are tabulated
in Table 3.6. This can be explained by the relative energies of the
difluorobenzene monomers. According to a DFT (Density Functional Theory)
study 10 performed for the difluorobenzene monomers, it was found that the
1,3-difluorobenzene monomer and the 1,2-difluorobenzene monomer have the lowest
and highest relative energies respectively. This was confirmed by the MP2
calculations performed for this project (Table 3.6).
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Table 3.5: The relative energy and binding energy companson of the dimers.

1,2-difluorobenzene... HCCH
Relative/Binding energies
cm-1/kJ mor 1

1,3-difluorobenzene... HCCH
Relative/Binding energies
cm- 1/kJ mor 1

x

VI

0.0/- 16.3
II

1,4-difluorobenzene ... HCCH
Relative/Binding energies
cm- 1/k.J mor 1

0.0/- 15.0
XI

VII

125 .5/- 14.8

0.0/- 14.5

1.9/- 14.4

35 .5/- 14.5
VIII

XII

48.3/- 13.9

126.3/- 13 .5
XIII

IX

IV

489.1 /- 10.4

354.0/- 10.7

318.7/- 10.6

Stability of the different difluorobenzene monomers depends on the
conjugative effects 10 (p-n) of the fluorine atoms and the aromatic ring.
Delocalization of the n-electron cloud due to overlap between p orbitals of
fluorine atoms and p orbitals of the benzene ring is called p-n conjugation. 11
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Delocalization can be defined as changing the electron density of the n:-electron
cloud by electron withdrawing effects and p-n: conjugation. Electron withdrawing
effects reduce the electron density of the n:-cloud but p-n: conjugation donates
electrons to the ring. This is very important in fluorinated aromatic compounds
since fluorine has strong electron withdrawing and electron donating capabilities.
This conjugation effect is important in the stability of the difluorobenzene
monomer. In 1,2-difluorobenzene the conjugative effect (p-n:) of the fluorine atoms
interacts with each other, whereas in 1,4-difluorobenzene these conjugative effects
occur in the opposite directions. These interactions decrease stability of the
difluorobenzene monomer. But in 1,3-difluorobenzene these conjugative effects are
not interrupted by each other which makes it the most stable monomer out of all
difluorobenzene monomers. It can be assumed that these conjugation effects which
occur in the monomers might not change upon the dimer formation. This is likely
to be the most possible reason to 1,3-difluorobenzene ... HCCH and 1,2difluorobenzene . . .HCCH dimers to have the lowest and the highest relative
energies respectively.
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Table 3.6: Comparison of relative energies of the lowest energy structures of
difluorobenzene ... HCCH dimers (MP2 calculations).
Structure

Relative (a)
energy (cm-1)

Relative (b)
energy (cm- 1)

Structure

0.0

1,3-difluorobenzene

0.0

1,3-difluorobenzene .. .HCCH

221.0

1,4-difluorobenzene

263.2

1,4-difluorobenzene ... HCCH

1192.4
1300.6

1,2-difluorobenzene
(a)

1,2-difluorobenzene ... HCCH

Relative energy is calculated using the monomer energies

(b)

Relative energy calculated using the

energies of the dimer

When comparing the binding energy of the three different types of dimers the
lowest energy structure of 1,2-difluorobenzene ... HCCH has the highest binding
energy (-16.3 kJ mor 1) and the lowest energy structure of 1,4-difluorobenzene has
the lowest binding energy (-14.5 kJ mor 1). It is still unclear the reason for this
variation.
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3.8. The Variability of the Structural Differences between Fluorinated
Benzene ... HCCH Dimers
When we study the theoretical structures of benzene ... HCCH 2 ,
fluorobenzene .. .HCCH3 and 1,2-difluorobenzene .. .HCCH, the orientation of the
acetylene molecule changes as shown m Figure 3.18 below.
a)

b)

c)

Figure 3.18: The change of the position of acetylene molecule in the dimers:
a) benzene ... HCCH 2 b) fluorobenzene . .. HCCH3 c) 1,2-difluorobenzene .. .HCCH.
In benzene . .. HCCH2 the acetylene molecule lies perpendicular to the benzene ring
and in fluorobenzene ... HCCH 3 the bottom of the acetylene molecule has drawn
slightly towards the para carbon of the fluorobenzene. The position of acetylene
molecule in this complex is similar to which was observed in fluorobenzene ... HCI
complex. 12 The acetylene molecule which lies on the

(Jae

mirror plane of

1,2-difluorobenzene monomer is largely tilted towards the fluorine atoms of the
ring. Comparison of electrostatic potential plots for benzene and for fluorinated
benzenes is one possible way to understand these differences in the dimer
structures.

64

3.8.1. Electrostatic Potential Plots of Benzene, Fluorobenzene and
1,2-Difluorobenzene
Electrostatic potential (which is a measure of charge distribution) of a
molecule is graphically represented by electrostatic potential surfaces. Electrostatic
potential of a molecule is computed by moving a positive point charge on the
molecule to form a systematic grid which determines the favorable and
unfavorable regions for the positive charge. Favorable regions for the positive
charge are negatively charged (colored red) and have high attractive potential
energy while unfavorable regions are positively charged (colored blue) with high
repulsive potential energies. 13 These electrostatic potential surfaces were created
using Gaussian 03. 1 Electrostatic potential plots of benzene, fluorobenzene and 1,2difluorobenzene are shown in Figure 3.19 below. The electrostatic potential plots
of benzene, fluorobenzene and difluorobenzene monomers are drawn to the same
scale of -0.0029le to +0.0029 l e (and colored red to blue)

b)

c)

Figure 3.19: Electrostatic potential surfaces of a) benzene, b) fluorobenzene and
c) 1,2-difluorobenzene.
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In an electrostatic potential plot the most negative, positive and intermediate
regions are color coded in red, blue and green/yellow respectively. Regions where
fluorine atoms are located are highly negative due to the higher electron density
since fluorine withdraws electrons towards it from the ring. When comparing
benzene, fluorobenzene and difluorobenzenes, the n-electron density is clearly
highest in benzene (more red color). The electrostatic potential surfaces of
acetylene and 1,2-difluorobenzene ... HCCH dimer are shown in Figure 3.20.

a)

b)

Figure 3.20: Electrostatic potential surfaces of a) acetylene and b) the side view
of 1,2-difluorobenzene... HCCH dimer.

In the acetylene molecule (a) (Figure 3.21) the regions around hydrogen atoms are
positively charged with a low electron density. Electrostatic potential plots of
difluorobenzene ... HCCH dimers are drawn to the scale of - 0.002957e to
+0.002957e. In the dimer 1,2-difluorobenzene ... HCCH, one positive end Of the
acetylene molecule is drawn towards the n-electron cloud of the fluorobenzene
ring and the other end is tilted towards the fluorine atoms. As the degree of
fluorination increases from benzene to 1,2-difluorobenzene it can be suggested that

66

the position of acetylene tends to tilt towards the side of fluorine atoms m the
rmg.

3.8.2. Comparison of Electrostatic Potential Surfaces of the Lowest Energy
Structures of 1,3-Difluorobenzene ... HCCH and 1,4-Difluorobenzene... HCCH
Dimers
In the 1,3-difluorobenzene ... HCCH dimer the lowest energy structure is
where acetylene is tilted towards a fluorine in the 1,3-difluorobenzene monomer.
The electrostatic potential surfaces of 1,3-difluorobenzene monomer and the lowest
energy 1,3-difluorobenzene .. .HCCH dimer are shown in Figure 3.21.

a)

.',,: .1.
,. "~.

b)

;

,

Figure 3.21: The electrostatic potential surfaces of a) 1,3-difluorobenzene
monomer b) the side view of 1,3-difluorobenzene... HCCH dimer.
The electron withdrawing effects m 1,4-difluorobenzene are opposite to
each other. The acetylene molecule lies nearly m a perpendicular position over the
mirror plane of

crab

of the 1,4-difluorobenzene monomer m the lowest energy

structure X. But the second lowest energy structure (XI) suggests that this
acetylene molecule can have vibrational oscillations between the direction of two
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-CF groups since the electron distribution towards the -CF groups are symmetric
in 1,4-difluorobenzene.
Figure 3.22 gives the electrostatic potential surfaces of 1,4-difluorobenzene
monomer, 1,4-difluorobenzene ... HCCH, X (the lowest energy structure).

a)

b)

Figure 3.22: The electrostatic potential surfaces of a) 1,4-difluorobenzene
monomer b) 1,4-difluorobenzene... HCCH dimer (view along the C2 axis of 1,4difluorobenzene monomer).
When comparing all the dimer structures for 1,2-difluorobenzene ... HCCH,
1,3-difluorobenzene ... HCCH and 1,4-difluorobenzene .. .HCCH it is clear that the
lowest energy structures of the dimers (I, VI and X) are the most electrostatically
favorable structures.

3.9. Conclusion
The ab initio calculations (MP2/ 6-311 ++G(2d,2p )) performed for these
difluorobenzene ... HCCH dimers are very helpful in predicting the rotational
spectrum of the dimer species and it gives a basic idea of the structure that might
be found under experimental conditions.
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Since the total dipole moment component of the lowest energy structure of
1,2-difluorobenzene ... HCCH is higher (2.33 D) than the lowest energy structures of
1,3-difluorobenzene (1.43 D) or 1,4-difluorobenzene ... HCCH (0.32 D) complexes
the most intense transitions can be expected in the 1,2-difluorobenzene ... HCCH
rotational spectrum so that is the reason for selecting this dimer for experimental
studies. In the future the 1,3-difluorobenzene .. . HCCH dimer is another possible
complex to study experimentally since it also has a relatively large dipole
moment, 1.43 D. It would not be possible to obtain the 1,4difluorobenzene ... HCCH spectrum with our current experimental configuration,
although previous results for benzene ... HCCH suggest a scan by the University of
Virginia instrument might be able to see it since it has a dipole moment of
0.32D.
In spectral analysis the predicted rotational spectrum is very important to
identify the correct rotational transitions smce the spectral patterns that can be
found in the experimental spectrum are also found m the predicted spectrum. The
spectral pattern that was found for 1,2-difluorobenzene ... HCCH dimer is the
constant difference pattern (Section 1). In Chapter 4 the spectral analysis and
spectral fitting of the 1,2-difluorobenzene ... HCCH lowest energy dimer complex
(structure I) are discussed in detail.
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Analysis of the Rotational Spectrum of
1,2-Difluorobenzene ... HCCH Dimer

Chapter 4
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4.1. Outline
This chapter presents an analysis and spectral fitting of the rotational
spectrum of 1,2-difluorobenzene ... HCCH. The first section of this chapter
describes the instrumentation and experimental techniques used in this project. The
broadband rotational spectrum of 1,2-difluorobenzene ... HCCH was obtained using
the chirped-pulse microwave spectrometer at the University of Virginia. 1 The range
of the spectrum is 6-20 GHz. When analyzing the spectrum it was found that the
spectral transitions of the dimer were all doubled. This is due to internal rotation
within the complex. This was confirmed by the relative intensities of the spectral
transitions (Section 4.5.2) and the cross-state spectral fitting (Section 4.6.2). The
spectral fitting for this complex was done using the programs SPFIT/SPCAT2 and
ERHAM. 3 SPFIT2 uses the Principal Axis Method (PAM) in spectral fitting and
cannot be used effectively to treat internal rotation effects of the spectrum.
ERHAM3 treats internal rotation effects of the spectrum by the rho-axis method. 4
Various fits were attempted for this 1,2-difluorobenzene ... HCCH complex. In this
chapter the spectral fitting results and the problems encountered in the fitting
process are discussed in detail. Stark effect measurements were also performed to
confirm some assigned transitions and to help find unassigned transitions. This
will be described in the last section of this chapter.
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4.2. Introduction
Broadband spectrum analysis in microwave spectroscopy is one of the
major achievements in the development of microwave spectroscopic techniques. 5
As explained in Chapter 3 the results obtained from computational calculations

(ab initio and DFT) are very helpful in analyzing rotational spectra by predicting
the structures of the complexes that are being analyzed. Also the results of these
calculations help to predict the rotational spectrum of the particular molecular
complex and assist in finding spectral transitions of the experimental spectrum. In
this project the broadband rotational spectrum of a weakly bound complex
1,2-difluorobenzene ... HCCH is analyzed. Previously at Eastern Illinois University,
the benzene .. .HCCH6 and fluorobenzene ... HCCH 7 complexes were studied. These
complexes contain CH ...n interactions. The reason to study 1,2difluorobenzene ...HCCH complex was to analyze how the strength of CH ...n
interaction and binding energy of the complex changes when the degree of
fluorination on the aromatic ring is increased. Since this is a weakly bound dimer
the intensities of the spectral transitions are low due to the small number of
dimers formed in the supersonic expansion. Therefore identifying the correct
spectral transitions from this spectrum was very difficult.
The 1,2-difluorobenzene ...HCCH complex is an asymmetric top. As
described in Chapter 1, Section 1.3.2, the "constant difference" pattern is an easily
identifiable spectral pattern that can be observed in an asymmetric top rotational
spectra. This pattern was very helpful in identifying the correct rotational
transitions of this dimer complex.
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Since the interactions binding this sort of these dimer complex together are
quite weak these complexes cannot be formed and studied at room temperature.
Therefore formation of the weakly bound dimers requires a cold environment
which is achieved by a supersonic expansion, 8 the technique that is used to
introduce the gas sample into the spectrometer. Supersonic expansion will be
discussed further in this chapter.
The ultimate objective of analyzing the rotational spectrum of 1,2dilfuorobenzene ... HCCH dimer is to assign the correct rotational quantum numbers
for all experimental transitions and fit the rotational transition frequencies to
obtain correct experimental rotational constants for the dimer. In this project the
spectral fitting was done using two different programs SPFIT/SPCAT 2 and
ERHAM. 3 The differences between these two spectral fitting programs and the
spectral fitting results of SPFIT 2 and ERHAM 3 carried out for the dimer will be
compared and analyzed later in this chapter.

4.3. Instrumentation: Spectroscopic Measurements for 1,2Difluorobenzene ... HCCH Dimer Obtained from Chirped-Pulse
Microwave Spectrometer
Initially a gas sample (1 %, 1,2-difluorobenzene, 1%, HCCH and He/Ne at
the ratio of 17.5:82.5) was scanned using the chirped-pulse microwave
spectrometer at Eastern Illinois University. 9 The bandwidth of the experimental
rotational spectrum is 7-18 GHz scanned in overlapping 480 MHz segments and
then assembled into a full spectrum by a LabView program. 10•11 Each segment
consisted of 2000 averaged FIDs (free induction decays). Free induction decays
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are time domain signals (related to the macroscopic polarization of individual
dipole moment of molecules) which occur due to relaxation of excited molecules.
The time domain signals are then converted into frequency domain signals by
Fourier-transformation. Identifying spectral transitions from the EIU spectrum was
not successful because of the low SIN ratio. 12 Therefore another scan of the
spectrum was received from the research group of Prof. Brooks Pate at the
University of Virginia. That spectrum was scanned by a chirped-pulse
Fourier-transform microwave spectrometer that can cover the full 12 GHz rotational
spectrum with each gas pulse. 1 The resulting spectrum of the 1,2difluorobenzene ... HCCH dimer was then analyzed using this scan. The gas
sample (0.1 % 1,2-difluorobenzene and 0.25% acetylene mixture with Ne) was
injected into the vacuum chamber of the spectrometer (where the sample is
probed by microwaves) through four adjacent nozzles at a constant pressure of 1.3
atm, at a 3.3 Hz repetition rate and 10 FIDs were recorded per gas pulse. The
full scan consists of 1.1 million averaged FIDs which were collected within
approximately 12 hrs. The bandwidth of this spectrum was 6-18 GHz and the
increased number of averages means that SIN ratio was nearly 24 times better
than the EIU spectrum.
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4.3.1. Chirped-Pulse Fourier-Transform Microwave (CP-FTMW)
Spectrometer at the University of Virginia

The schematic diagram of the (CP-FTMW) spectrometer at the University
of Virginia is given in Figure 4.1.

22.00 GHz

PORO

250W
TWT
Ampllfler

3CSCHz
Oaelltoscope
(100 Gals)

1----<J.-o

Figure 4.1: The schematic diagram 13 of the CP-FTMW instrument at

University of Virginia (the sample is injected perpendicularly between the
microwave horns that are shown in the bottom right of the picture).

This spectrometer is composed of three mam reg10ns, (i) microwave radiation
generation region, (ii) the region where microwaves interacts with the gas sample
and (iii) the region where the free induction decay (FID) signals are detected. The
microwave radiation generation region is composed of a 24 GS/s AWG (arbitrary
waveform generator), a 22.00 GHz PDRO, (phase-locked dielectric resonator
oscillator) and a 250 W travelling wave tube (TWT) amplifier. The AWG is used
to generate a microwave pulse in a 6 GHz wide frequency range (2-8 GHz), and
this AWG output is mixed with the 22.00 GHz PDRO frequency to generate a
new pulse, spanning 14-20 GHz. This frequency is doubled by frequency
77

multiplication (28-40 GHz) and is mixed down agam with the PDRO frequency to
generate the final 6-18 GHz bandwidth. Finally this 12 GHz chirped pulse is
amplified to 2 kW peak power by the TWT amplifier. This microwave pulse
interacts with gas molecules in the sample interaction region and generates the
FID signals which are detected by a 36 GHz oscilloscope where signals are
received, averaged and Fourier-transformed into frequency domain signals to
generate a microwave spectrum with a bandwidth of 6-18 GHz. 1.1 million Fills
are averaged within 12 hrs to obtain the transitions of weakly bound dimer
complexes.

4.3.2. Supersonic Expansion
The gas sample was pulsed into the vacuum chamber of the spectrometer
perpendicularly through the nozzles at a backing pressure of 1.3 atm. This process
is called a supersonic expansion (an adiabatic process where no heat is transferred
between the system and the surroundings). As mentioned earlier molecular
complexes of weakly bound dimers do not form at room temperature. Formation
of weakly bound complexes requires low temperature (< 10 K). This cold
environment for the molecules is achieved by a supersonic expansion. In a
supersonic expansion 8, gas molecules undergo intermolecular collisions which
convert their internal energy and translational energy into a directed molecular
flow thus the gas is cooled down to a very low temperature. This cooling down
in the supersonic expansion increases dimer formation and therefore also forces
the molecular population to move into low vibrational and rotational levels.
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Formation of weakly bound dimers occurs in a three body type collision
reaction. For this system 1,2-difluorobenzene, acetylene and neon, the basic step
of the reaction is given below.
1,2-difluorobenzene + HCCH +Ne= 1,2-difluorobenzene ... HCCH +Ne
When molecules collide with each other heat is released as a result of interaction
between the two monomers (1,2-difluorobenzene and acetylene). The rare gas
atoms (Ne) are used to remove this excess heat energy produced during these
intermolecular collisions between the two monomers (1 ,2-difluorobenzene and
HCCH).

4.4. Analysis of the Microwave Spectrum 1,2-Difluorobenzene ... HCCH
4.4.1. Identification of Spectral Patterns from the Predicted Spectrum
Before analyzing the experimental rotational spectrum of the dimer, a
spectrum was predicted using ab initio rotational constants and dipole moment
components (Chapter 3, Section 3.4) of the lowest energy structure of the dimer
(Figure 4.2) where the acetylene molecule is tilted towards the fluorine atoms of
the 1,2-difluorobenzene and lies in the

CJac

mirror plane of 1,2-difluorobenzene

monomer. The calculations were performed at the MP2 level with the
6-311 ++G(2d,2p) basis sets.
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Figure 4.2: The lowest energy structure I obtained by ab initio
(MP2/6-311 ++G(2d,2p)) calculations for the dimer 1,2-difluorobenzene... HCCH.
The ab initio results (rotational constants and dipole moment components) are
tabulated in Table 4.1 . The predicted rotational spectrum of the dimer
1,2-difluorobenzene ... HCCH is shown in Figure 4.3.

Table 4.1: Ab initio rotational constants and dipole moment components of the
lowest energy 1,2-difluorobenzene ...HCCH molecular complex, structure I.

Rotational constant
(MHz)

Dipole moment (D)

1.63

A: 1366.74

µ0

B: 1167.43

µb : 1.67

C: 1025.52

µc : 0.00

:
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8729.96900

Figure 4.3: A portion of predicted rotational spectrum of the dimer
1,2-difluorobenzene ... HCCH (6000 MHz- 12000 MHz).

In this predicted spectrum (Figure 4.3) ·a (µa -:f. 0, M a= 0 and M c= ±1) and b
(µbi- 0, ~Ka = ±1 and M c= ±1) type transitions are color coded in red and green

respectively. In the predicted spectrum R-branch transitions (Af = + 1) have the
highest intensities. As mentioned in Section 1.3.2 it was possible to find the
constant difference spectral pattern in the predicted spectrum and an example of
this is shown m Figure 4.4.
Y range

5962.7049

Figure 4.4: An example of a J = 3

~

4.14E-04

2 constant difference pattern found m the

predicted spectrum of 1,2-difluorobenzene ... HCCH dimer.
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In this spectral pattern the frequency difference (x) between the spectral transitions

3n-212 and 303-212 is exactly the same as the difference between 3n-202 and
303-202 transitions. These constant difference patterns are found for J
J

=

5+--4 and J

=

=

4+--3,

6+--5 transitions which behave exactly the same as for J

=

3+--2

transitions mentioned above.

4.4.2. The Experimental Rotational Spectrum of 1,2-Difluorobenzene ... HCCH
Dimer
The experimental rotational spectrum obtained from the University of
. Virginia is shown in Figure 4.5. In this spectrum the intense transitions (all the
transitions that are more than 1 mm high in this figure) are due to
1,2-difluorobenzene monomer. The spectrum must be magnified vertically by a
factor of 575 to observe the transitions of the dimer complex. One of the
constant difference patterns that was found in the region of 7000 - 7500 MHz m
the experimental spectrum is shown in Figure 4.6. Identifying these constant
difference patterns from the experimental spectrum was challenging since the
spectrum contains approximately 11,000 lines above the SIN ratio of 1:2 and the
spectral transitions of the dimer are very weak since the number of dimer
formation is low (approximately I% of molecules are expected to form dimers) m
the supersonic expansion due to weak interactions.
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Figure 4.5: The (6 -20 GHz) experimental rotational spectrum of the dimer.

7428.9476

<- Cursor

Display ranges

Figure 4.6: The transitions (J = 3+-- J = 2) of the constant difference pattern found
m the experimental spectrum of 1,2-difluorobenzene ... HCCH dimer.
The ab initio dipole moment components µ 0 and µb are 1.63 D and 1.67 D
respectively. According to these dipole moment components a and b-type
transitions should have an intensity ratio of 1: 1.05 (1.63 2 : 1.672). In the
experimental spectrum the intensity ratio of a and b-type transitions is
approximately 3: 1 in J = 3+-- J = 2 transitions. This indicates that small structural
changes in the complex have probably caused the principal axes to move slightly
and change the dipole moments of the complex (small changes in the position of
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the axes can have a large effect on dipole moment component when the molecule
is very polar).
Dil!Sp1ay ra

Figure 4.7: The intensity of the a and b-type transitions m the experimental
spectrum (J = 3~ J = 2).

Later it was determined that all transitions of this spectrum are doubled.
One set of constants differences for J = 3~ J = 2, J = 4~ J = 3, J = s~ J = 4 and
J = 6~ J = 5 transitions were found in the higher frequency region and another set

of constant differences (for the above mentioned transitions) were discovered m
the lower frequency region. Figure 4.8 shows the doubling of the transitions in J

= 3~ J = 2. The upper and lower frequency transitions are listed in Table 4.2 and
Table 4.3. Intensities of the spectral transitions decrease at higher rotational energy
levels. This might be due to the lower population of the dimer in high rotational
energy levels. This can be observed in this spectrum which makes it difficult to
find the transitions at higher energy levels. The intensity ratio of a-type transitions
(upper frequency) 313-2 12 and 6w5 15 is approximately 2.2:1.
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Figure 4.8: Comparison of constant difference pattern transitions of higher and
lower frequency regions.
These lower frequency transitions have reduced intensities compared to the
upper frequency transitions (the intensity ratio of upper: lower frequency is
approximately 3: 1). The separation between the 1st set of upper frequency and
lower frequency transitions (303-21 2, 313,21 2, 303-202 and 3n-202) is about 250 MHz.
When the rotational quantum number increases this separation of the upper and
lower frequency transitions is also increased by approximately 100 MHz. This
doubling of the transitions is a probable indication of the type of internal motion
which will be discussed in detail in Section 4.6.
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Table 4.2: The upper frequency constant difference transitions m the rotational
spectrum (frequency differences between the a and b-type transitions are also
given). a-type (µ 3 i- 0, Li.Ka= 0 and Li.Kc= ±1) and b-type

(µbi-

0,

~Ka=

±l and

Li.Kc= ±1).

J'

KI

3

K

Upper

Difference between

Frequency

a and b type

(MHz}

transitions (MHz)

K' c

J"

0

3

2

1

2

7125.5505

3

1

3

2

1

2

7194.1948

3

0

3

2

0

2

7252.2445

3

1

3

2

0

2

7320.8907

4

0

4

3

1

3

9524.6073

4

1

4

3

1

.3

9557.8666

4

0

4

3

0

3

9593.2519

4

1

4

3

0

3

9626.5093

5

0

5

4

1

4

11897.3487

a

II

a

K" c

5

1

5

4

1

4

11912.7471

5

0

5

4

0

4

11930.6111

5

1

5

4

0

4

11946.0091

6

0

6

5

1

5

14255.1469

6

1

6

5

1

5

14261.8067

6

0

6

5

0

5

14270.5441

6

1

6

5

0

5

14277.1997

7

0

7

6

0

6

16604.8076

7

1

7

6

1

6

16607.9194

7

0

7

6

0

6

16611.4453

7

1

7

6

1

6

16614.5672

68.6443
68.6462
33.2593
33.2574
15.3984
15.3980
6.6598
6.6556
3.1118
3.1219

Except the transitions m J = 7 - 6 in all the other transitions the
difference between a and b type transitions are m agreement within our frequency
measurement uncertainty. Comparing the frequency differences of above transitions,
it is clear that the differences decrease as the quantum number increases (the
frequency difference decreases . by approximately half of the previous value). At
higher total angular quantum numbers (J) the rotational energy levels are closely
spaced. Therefore the energy difference (difference between a and b-type
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transitions) between rotational levels is decreased as the quantum number
increases. This can be seen in the constant difference pattern in the lower
frequency region as well (Table 4.2, fourth column).
Table 4.3: The lower frequency constant difference transitions

Ill

the rotational

spectrum (frequency differences between the a and b-type transitions are also
given). a-type (µ a f 0, LiKa= 0 and LiKc= ±1) and b-type (µb f 0,

~Ka =

±1 and

L'.iKc= ±1).
Lower

J'

Ka'

K' c

J"

Ka "

K" c

Difference between

Frequency

a and b type

(MHz)

transitions (MHz)

3

0

3

2

1

2

6889.8779

3

1

3

2

1

2

6949.4658
7009.0259

3

0

3

2

0

2

3

1

3

2

0

2

7068.6157

4

0

4

3

1

3

9201.3378

4

1

4

3

1

3

9227.8522
9260.9313

4

0

4

3

0

3

4

1

4

3

0

3

9287.4399

5

0

5

4

1

4

11485.0468

5

1

5

4

1

4

11495.8972

5

0

5

4

0

4

11511.5602
13754.1670

6

0

6

5

1

5

6

1

6

5

1

5

13758.6035

6

0

6

5

0

5

13765.0158

6

1

6

s

0

s

13769.4480

7

0

7

6

0

6

16016.0460

7

1

7

6

1

6

16017.5852

7

0

7

6

0

6

16020.4709

7

1

7

6

1

6

16022.0217

59.5879
59.5898
26.5144
26.5086
10.8504

4.4365
4.4322
1.5392
1.5508

In the lower frequency region the 5 15-404 transition, which is a b-type transition

of that constant difference should be observed at a frequency of 11522.4106 MHz,
but this transition is masked by a strong transition of 1,2-difluorobenzene
monomer at 11522.4618 MHz, (so only three transitions are included in that
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constant difference pattern). In these set of transitions except the transitions m
J = 7 +-- 6 m all the other transitions the difference between a and b type

transitions are m agreement within our frequency measurement uncertainty
The next set of transitions are where the Ka quantum number changes as given:

(Ka'+-- Ka") 1 +-- 2, 2+- 2, 1 +-- 1 and 2+- 1. J quantum number changes from
J '+-J'' where J ' = J " + 1 and Kc quantum number changes from Kc'+-- Kc" where

Kc' = Kc" + 1. These transitions are also a part of another constant difference
pattern. The higher and lower frequency transitions of these constant difference
patterns are tabulated in Table 4.4 and 4.5.
Table 4.4: The upper frequency constant difference transitions m the rotational
spectrum (frequency differences between the a and b-type transitions are also
given). a-type (µ a -f. 0, M a= 0 and M c= ±1) and b-type (µb -f. 0,

~Ka =

±1 and

M c=±l).

Upper

Difference between

K" c

Frequency

a and b type

(MHz)

transitions (MHz)

2

1

6908.8299

2

2

1

7397.0466

2

2

1

1

7506 .6869

2

2

1

1

7994.9029

1

3

3

2

2

9440.6012

4

2

3

3

2

2

9805.3124

4

1

3

3

1

2

9928.8219

4

2

3

3

1

2

10293.5355

5

1

4

4

2

3

11947.3653

5

2

4

4

2

3

12191.8299

5

1

4

4

1

3

12312.0773

5

2

4

4

1

3

12556.5446
14417.6499

J'

KI

K' c

J"

3

1

2

2

3

2

2

3

1

3

2

4

a

K
a

II

6

1

5

5

2

4

6

2

5

5

2

4

14566.8373

6

1

5

5

1

4

14662.1143

6

2

5

5

1

4

14811.3087

488.2167
488.2160
364.7112
364.7136
244.4646
244.4673
149.1874
149.1944
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In the lower frequency region only transitions for J = 4~J = 3 and
J=

s~

J = 4 were found. The intensity of these transitions is lower than that of

the transitions in Table 4.4. At lower quantum numbers the separation of a and

b-type transitions is larger and has relatively lower intensities than the upper
frequency transitions whereas at higher rotational quantum numbers the intensity is
lowered. Therefore it is more difficult to find the transitions for J =

3~J =

2 and

J =6~J = 5.

Table 4.5: The lower frequency constant difference transitions m the rotational
spectrum (frequency differences between the a and b-type transitions are also
given). a-type {µ 3

-:/c

0, M a= 0 and M c= ± 1) and b-type (µ b -:/c 0,

~Ka =

± 1 and

M c=±l).

Lower

J'
4

KI
a

1

K' c

J"

3

3

K

II

a

2

Difference between

K" c

Frequency

a and b type

(MHz)

transitions (MHz)

2

9177.5236

4

2

3

3

2

2

9504.5946

4

1

3

3

1

2

9645.0938

4

2

3

3

1

2

9972.1648

5

1

4

4

2

3

11611.6661

5

2

4

4

2

3

11812.9224

5

1

4

4

1

3

11938.7391

5

2

4

4

1

3

12139.9996

327.0710
327.0710
201.2563
201.2605

4.5. Internal Motion Effects in 1,2-difluorobenzene... HCCH Spectrum
Internal motions, large amplitude motions 14 that occur in a complex, arise
from interconversion between two or more indistinguishable structures. There are
three types of large amplitude motions: internal rotation, inversion motion and ring
puckering (Section 1.6). In 1,2-difluorobenzene ... HCCH, the interaction strength of
the monomers is very low. Therefore it allows the complex to undergo internal
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motion due to a low energy barrier of rotation. The two most likely internal
motions of this complex are internal rotation and inversion motion. In the
structure I the acetylene molecule is the most obvious subunit that can undergo
rotation within the complex due to its lighter molecular weight. Acetylene can
rotate about its C2 principal axis with respect to 1,2-difluorobenzene monomer
converting between two indistinguishable structures. The other motion is inversion
motion which can be described as the change of direction in specific dipole
moment components in the molecular complex (Figure 4.9), for instance, the
acetylene moved from above the ring through a planar transition state, to the
other side of the difluorobenzene rmg.
a)

µo~µ,

b)
b

µa

~'

Figure 4.9: a) Inversion motion and b) internal rotation occur m the
1,2-difluorobenzene ... HCCH dimer.

4.5.1. Internal Rotation of 1,2-Difluorobenzene ... HCCH Dimer
In 1,2-difluorobenzene ... HCCH dimer, the acetylene subunit can rotate 180°
around its C2 axis relative to the 1,2-difluorobenzene monomer to form two
indistinguishable structures. This rotation occurs through transition states. In this
complex the acetylene molecule can rotate through two pathways. These pathways
are presented in Figure 4.10.

90

a)

b)
b

Figure 4.10: The rotational pathway of structure I (Figure 3.3) a) angle between
the rotational axis and the a principal axis is 67° (obtained from the ab initio
structure I (Figure 3.3, Table 3.2)) b) angle between the rotational axis and
principal axis a is 90° (perpendicular rotation of acetylene with respect to
ditluorobenzene monomer).

Pathway (a) describes the rotation of acetylene molecule and is defined by an
angle between the rotational axis of acetylene and the a-axis of 67° and the
pathway (b) is defined by the angle between the rotational axis of acetylene and
a-axis being 90°. Internal rotation of this complex is explained using the pathway
a, (assuming this pathway could be the most probable way of rotation) in Figure
4.10. The tunneling motion of the acetylene molecule can be described using a
double well potential energy curve for the complex as shown in Figure 4.11. The
molecular complex has a two-fold degeneracy of the vibration energy levels
during the rotation.
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Figure 4.11: The potential energy curve for the internal rotation of the

acetylene subunit of 1,2-difluorobenzene... HCCH molecular complex.
As the energy barrier to rotation of a subunit decreases, the wavefunctions
of the two indistinguishable structures increasingly mix due to tunneling. As the
wavefunctions mix, the two-fold degeneracy of the vibrational energy levels is
lifted. Linear combination of wavefunctions give rise to torsional energy levels
where v = o+ (symmetric) is the ground state and v = o- (anti-symmetric) is the
vibrationally excited state. This is illustrated in Figure 4.12. The torsional ground
states and vibrationally excited states have their own different rotational spectra
because of the different rotational constants (A, B and C) of the structures in the
two torsional states and so a given transition (eg. 303 -2 02 ) will have a slightly
different frequency in the two states). This is what responsible for the doubling of
the transitions. Ground state transitions (higher intensity transitions) occur in the
higher frequency region whereas the excited state transitions (lower intensity
transitions) are in the lower frequency region.

92

Energy

Figure 4.12: The potential energy curve for the internal rotation of the acetylene
subunit of 1,2-difluorobenzene ...HCCH molecular complex after linear combination
of wavefunctions. This shows how each vibrational level splits into two closely
spaced levels (identified by the + and - labels).

4.5.2. Internal Rotation Over Inversion Motion
In internal rotation, the intensity of the resulting transitions during rotation
can be explained by nuclear spin weights of the molecule. The total wavefunction
(lf') 15 of any particle can be described by the Equation 4.1 given below.

lf'total

In the above equation

4.1

= t/J et/Jv t/Jr 1./Jn

l/fe, l/fv, I/fr

and

l/fn

describe the electronic, vibrational,

rotational and nuclear spin wavefunctions respectively. During internal rotation
identical nuclei maybe interchanged. The lf'total will either remain unchanged or
change its sign during this exchange which means it will be symmetric or antisymmetric with respect to the change of nuclei. If the interchanging nuclei have a
93

nuclear spin, I= n +Yi (Fermions) it is anti-symmetric with respect to the change
of nuclei and if the interchanging nuclei have an I = n (Bosons) it is symmetric. 15
In the dimer 1,2-difluorobenzene ... HCCH complex the interchanging nuclei are
hydrogens from the acetylene molecule which are fermions with I= Yi spin.
Nuclear spin weight for interchanging two nuclei is given in the equation 4.2. 16
Nuclear spin weights describe the probability of population in the ground or
excited states and influences the intensities of transitions in these states.

.
(1+1)
Nuclear spm weight = - /

4.2

When two nuclei of I = Yi are interchanged it gives a nuclear spm weight value
of 3: I ratio. This can be seen in the ratio of ground state and the excited state
transition intensities of the rotational spectrum of 1,2-difluorobenzene ... HCCH. If
the complex undergoes an inversion motion it does not give an intensity ratio
which is consistent with these nuclear spin statistics. This distinguishes internal
rotation from inversion motion. The intensities and the frequencies of the
transitions of J = 3+--J = 2 in both states are tabulated Table 4.6.
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Table 4.6: Intensity ratios of J= 3+--J= 2 m ground state (GS) and excited state
(ES).
Ground state Intensity

J'

K,
a

K' c

J"

K

II

a

K" c

(MHz)
frequency

Excited state Intensity of Intensity

of the GS

(MHz)

the GS

ratio

transitions

frequency

transitions

(GS/ES)

(mV)

3

0

3

2

1

2

(mV)

7125.5505

0.110

6889 .8779

0.039

2.82

3

1

3

2

1

2

7194.1948

0.303

6949.4698

0.108

2.81

3

0

3

2

0

2

7252 .2445

0 .385

7009 .0259

0.132

2.91

3

1

3

2

0

2

7320.8907

0.123

7068.6158

0.040

3.08

In the last column of this table GS/ES defines the ratio of the intensities between
the ground state (upper frequency) and the excited state (lower frequency)
transitions. According to the data tabulated in Table 4.6, it shows that the
intensity ratio of upper and lower transition frequencies are very close to those
expected from the nuclear spin statistics, which seems to suggest that internal
rotation of the acetylene is the most probable internal motion occurring in this
complex. Also if the complex undergoes inversion motion, the difference between
the ground state and the excited state transitions would be nearly equal to the
value of twice the energy difference between the two torsional states (if the
energy difference between the torsional energy states is 11£, then the difference
between ground and excited state is a reasonably constant 2 M). This constant
offset between upper and lower state transitions cannot be seen in the 1,2difluorobenzene ... HCCH spectrum.
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4.6. Spectral Fitting
Spectral fitting is the process of assigning correct rotational quantum
number labels to each of the experimental frequencies of the rotational spectrum.
The ultimate goal of spectral fitting is to obtain rotational constants of the
molecular complex. This is done using spectral fitting programs. In this project
two different spectral fitting programs have been used to attempt to fit the
spectrum. They are SPFIT/SPCAT 2 and ERHAM.3
4.6.1. Fitting Rotational Spectra using SPFIT/SPCAT 2
SPFIT2 is used in fitting the rotational spectra while SPCA T2 is used to
predict the spectral transitions. In SPFIT2 the transitions of the spectrum are
treated using the Principal Axis Method 4 where the principal axis system of the
molecular complex is taken as the co-ordinate system. The quality of the spectral
assignment is determined by the root mean square (RMS) value. In a best fitted
spectrum this RMS should be less than the uncertainty in frequency measurements,
eg. less than 5 kHz. The RMS is illustrated by the Equation 4.3.
RMS=

Vabs

and

Veale

4.3

are observed and calculated frequencies respectively and N is the

number of transitions. The different fits tried in the fitting of this spectrum are
listed below.
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1) Ground state and excited state transitions separately (leading two sets of
separate spectroscopic constants)
2) Combination of all ground state and excited state transition frequencies (leading
to two sets of constants with parameters connecting the two states)
3) Combination of set of transitions from the ground state and the excited state
transition frequency
None of these spectral fitting methods provided a satisfactory RMS value which is
lower than 100 kHz. In this thesis the best fitted SPFIT2 result obtained for
combined state transitions is given in Table 4. 7. In this, 43 combined transitions
(ground and excited state) are included. This consists of transitions from Table 4.2
and 4.3 (but excluding the J = 7+-J = 6 transitions) and 4 13-3 22 , 423-322, 4n-312 and

423 -3 12 transitions from the ground state and 5w423, 524-423, 5w4 13 and 524-413
transitions from the ground and excited states. The results obtained from SPFIT
are tabulated in Table 4.7.
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Table 4.7: Fitted constants for 43 transitions us mg SPFIT. 2

Constant(a)

Ground state
(MHz)

Excited state
(MHz)

A

1471.899(11)

1452.490(9)

B

1276.043(8)

1252.152(8)

c

1181.265(5)

1135.294(4)

L11

0.0532(2)

0.1372(2)

L11K

0.233(1)

-0.1490(13)

LJK

- 0.330 (1)

- 0.330 (I)

61

5.63(6)E-03

5.63(6)E-03

JK

2.241(2)

2.241(2)
0.407(1) E-03

<P1
<J>K

0.183(1)

0.01042(3)

<f>1K
</>Kl

0.183(1)

0.0960(1)

<•lA, B and C are rotational constants, L11, L11K. L1K, '51, t5K are quartic (fourth-order) distortion

constants and ¢1 ,

<1>1K, <l>KJ, <PK

are sextic (sixth-order) distortion constants.

In this fit the RMS is very high at 0.337 MHz. In this table the ¢1 and
<t>1K are not fitted for the ground state and <t>KJ is not fitted for the excited state.

The fitted rotational constants A, B and C are different in both ground and the
excited state. The use of fitted distortion constants are different in the two states.
The values of distortion constants L11 , L11K are different in both states. The values
of L1K, b1, bK and <t>K are the same for both states. These centrifugal distortion
constants are fourth-order (L11 , L11K, L1K, b1, bK ) and sixth-order (¢1 , <!>1Ki <l>KJ, <t>K). 2
This combination of distortion constants were obtained by systematically varying
the constants for the given specific transitions to obtain a better RMS value for
the final fit. 1,2-difluorobenzene ... HCCH dimer is a weakly bound complex
therefore the complex tends to distort more than a molecule during rotation. So
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this complex reqmres more centrifugal distortion constants in the spectral fitting
process. Therefore when fitting the rotational spectra of weakly bound complexes,
higher order centrifugal distortion constants are required unlike fitting a rotational
spectrum of a single molecule. Hence the use of sixth-order centrifugal distortion
constants at low rotational energy levels is not unusual for weakly bound
complexes with large amplitude motions.
Centrifugal distortion can be A or S-reduction for asymmetric top rotors
and these describe the different ways in which the program sets up and computes
the matrices to obtain the rotational energies. The S-reduction makes this process
more efficient for more symmetric complexes. In this complex A-reduction is used
smce 1,2-difluorobenzene ... HCCH complex is an asymmetric top rotor.· The major
problem encountered while fitting the spectrum of 1,2-difluorobenzene ... HCCH
dimer is the combination of the transitions and the centrifugal distortion constants
used in this spectral fitting did not predict new transitions which are not yet
assigned. If the spectral fitting process works as it should, it will predict
unassigned transitions to assist in identifying additional transitions in the
experimental spectrum.

4.6.2. Cross State Spectral Fitting
The fitting process was agam carried out for the complex assummg that
the spectral doubling was due to an inversion motion. When inversion motion
occurs in the molecular complex, as for any sort of large amplitude motion, the
wavefunctions of the two indistinguishable structures combine due to tunneling.
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This lifts the degeneracy of the vibrational energy levels. The ground state
vibrational energy level splits into

o+ and o-

vibrational states as described earlier

(Section 4.5.1 ). In an inversion motion any transitions associated with the dipole
moment components that are inverted during the motion will occur from
or

o-

to

o+ (which

o+ to o-

means that these transitions cross between the two states).

Using this theory, SPFIT2 was used in fitting the spectra. Crossing states is
explained by Figure 4.13. The energy difference between the two torsional states

o+ and o-

is given by M . This spectral fitting was carried out using three types

of different assignments. They are given below.
I) a-type (for example 3 03-202) transitions occurring within the same state and
b-type (for example 303-2 12 crossing states (µ b dipole moment is inverted))
2) b-type transitions occurring within the same state and a-type crossing states

(µ 0 dipole moment is inverted))
3) Both a-type and b-type transitions crossmg state (µ 0 and µb dipole moment
components are inverted)
This fitting process did not give a satisfactory RMS value m any case, rather all
the attempted fits gave a RMS value over I 00 MHz. This result implies that this
molecular complex probably does not exhibit an inversion motion. Two cross state
transitions, a and b-type are illustrated in Figure 4.13.

100

220
221
2u
212
202

220
221
211
212

110
lu
101

2m
110
lu
101

a-state

o+ state
Figure 4.13: The cross state transitions occur between

o-

and

o+ states

(b-type,

101-212 transitions)

4.7. Spectral Fitting Using ERHAM3
ERHAM3 (_Effective Rotational Hamiltonian) is a program specifically
designed for asymmetric top molecular complexes which undergo internal rotation.
When internal rotation occurs in a molecule, the principal axis system is no
longer useful since the internal rotation complicates calculation of energy (which
is done using matrices). Therefore a new axis system is defined, usually centered
on the internal rotor. In this program the internal rotation effects of the spectrum
are treated using the "Rho-axis method". This approach requires new parameters
in addition to the standard rotational constants and distortion constants. They are
"tunneling parameters" for rotational and distortion constants (defined in next
section), rho vector 14 (p ), and

/J.

p can be defined by the equation given below.

g = (a,b,c)

4.4

The variable A.9 represents the direction cosine between the internal rotation axis
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and the principal axes a, b and c, Ia is the moment of inertia of the rotor, (in
this system it is the moment of inertia of the acetylene molecule) and 19
represents the moments of inertia of the complex. The other important parameter
is [J, which is the angle between the rho (p) axis and principal axis a. In this
molecular complex the rho-axis and the internal rotation axis of the rotor are
nearly the same. As described in Section 4.6.1, there are two pathways in which
the acetylene molecule can rotate (Figure 4.10). Therefore ERHAM3 was used to
fit the spectral transitions using the parameters (fJ and p) of the two possible
pathways.

4.7.1. Spectral Fitting Results Obtained from ERHAM3
ERHAM3 cannot be used to fit the transitions in a single state. It reqmres
a selection of transitions from both the ground state and excited state m order to
fit all its required spectroscopic parameters. In this section the results obtained
using transitions of Table 4.2 and Table 4.3 are discussed (except the J = 7+--J = 6
transitions). This fit includes 3 distortion constants and 4 tunneling parameters for
31 spectral transitions. The results obtained for the two pathways

(~

= 67° and

90°, Figure 4.10) are tabulated in Table 4.8. According to these results it is not
exactly possible to select the best pathway of rotation since the values for
standard deviation, rotational constants, distortion constants and the tunneling
parameters of both pathways are nearly the same.
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Table 4.8: The fitting results obtained from ERHAM 3 for the two rotational

pathways.
Constant

Value

Uncertainty

Value

Uncertainty

A (MHz)
B (MHz)

C(MHz)
[(B+C)/2] 1(MHz)
[(B-C)/4] 1 (MHz)
L1 (kHz)

1471.1
1274.8
1154.9
7.2
- 1.9
497

± 0.4
± 0.3
± 0.1
± 0.3
± 0.2
± 12

1471.1
1274.7
1154.9
7.9
-1.5
497

± 0.4
± 0.3
± 0.1
± 0.2
± 0.1
± 12

c5 (kHz)

353

±II

352

±II

[c5]1(kHz)

-I.I

± 0.4

-0.8

±0.4

(kHz)

-43

±2

-43

±2

± 0.3

-0.3

± 0.3

J

J

J

<!>

JK

[ <f> ) I (kHz)

-0.5

JK

Torsional Energy
Difference (MHz)
p
fJ
Std. Deviation
(MHz)
Number of
Transitions
Moments of Inertia

3

2.73(36)xl0

1.55(21)xI0

0.0368
67°
0.192

0.0359
90°
0.194

31

~

31

~

14.32

v

~

14.25

2

(HCCH) amu A (I )
a

When fitting both pathways the type of distortion constants used are the same.
The standard deviation obtained from both rotational pathways are similar to each
other (0.192 MHz and 0.193 MHz). Most importantly rotational constants, distortion
constants and tunneling parameters obtained from the fittings are nearly the same.
When the complex undergoes internal rotation, the internuclear distances of the
complex change. This affects the moments of inertia around the principal axes of
the complex and changes the rotational constants of the complex since the
rotational constant is inversely proportional to the moment of inertia. This rotation
of the complex affects the distortion of the complex as well. In this table [b)1
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and [ <PJK] 1 are the tunneling parameters used for the distortion constants <51 and
<PJK·

[B;c] 1and [(B:c)] 1are

the tunneling parameters of the rotational constants.

These tunneling parameters are used to correct the variation for the rotational
constants and the distortion constants during internal rotation of the complex. The
major difference of the two rotational pathways lie in the torsional energy
difference. The 67° angle structure has the highest torsional energy difference of
2. 73(36)
x

3

x

10 MHz, while the angle 90° structure results in a value of

1.55(21)

103 MHz. This energy difference can be used to calculate the barrier of

rotation, 18 but this needs further information on the rotational pathways which at
present we do not have. One of the possible sources to obtain data on these
pathways was to perform a potential energy scan for these two different pathways.
The potential energy scan provides the energy of the transition state of each
motion during the rotation and also shows how the energy varies as the torsional
energy changes. In a potential energy scan one of the structural parameters (an
angle in the complex) is fixed to a certain value and other angles and bond
distances are optimized to their lowest energy values. A potential energy scan for
the dimer 1,2-difluorobenzene . .. HCCH was attempted using MP2 calculations but
the expected transition states during internal rotation were not identified correctly
in the scan. This is partly due to the fact that 1,2-difluorobenzene ... HCCH
complex has very weak intermolecular interaction forces. This weak interaction
between the subunits allows the acetylene molecule to rotate freely on the surface
of the 1,2-difluorobenzene monomer and the dimer has a flat potential energy
surface which makes it harder to optimize to the structure that is required.
104

Therefore finding the most suitable pathway was not possible using the potential
energy scan, but attempts will be made in future to identify problems with current
scans.
Another set of spectral fitting was done for the rotational pathway (a) in
Figure 4.10. In this pathway the angle fJ can change according to the rotation of
acetylene molecule. This change in angle fJ can affect the sensitivity of the
spectral fitting. Therefore different values for angle fJ were tried in spectral fitting.

Table 4.9: The summary of the results obtained from ERHAM 3 exploring the
sensitivity of the fit to fJ parameter.

Constant

P=45°

P=50°

P= s1°

P=60°

P=67°

P= 77°

P= 90°

A (MHz)

1471.2

1471.1

1470.8

1471.0

1471.1

1471.1

1471 .I

B (MHz)

1274.9

1275.7

1276.5

1275.2

1274.8

1274.7

1274.7

C (MHz)

1154.8

1154.8

1154.7

1154.8

1154.9

1154.9

1154.9

Torsional Energy
Difference (MHz)

-2746

-5648

9446

5358

2730

1777

1550

p

0.0393

0.0388

0.0381

0.0378

0.0368

0.0366

0.0359

0.209

0.224

0.203

0.190

0.192

0.193

0.194

31

31

31

31

31

31

31

14.57

14.54

14.52

14.52

14.32

14.42

14.25

Std. Deviation
(MHz)
Number of
Transitions
Moments of Inertia
2

(HCCH) amuA
(I )
a

In this Table 4.9, the rotational pathway where the acetylene molecule rotates
perpendicular to the 1,2-difluorobenzene monomer (fJ = 90°) is separated from the
other pathways since the rotation of the acetylene molecule is different from the
others. The number and type of distortion constants and tunneling parameters used
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m fitting these transitions are the same (31 transitions, 3 distortion constants and 4
tunneling parameters). The most important conclusion that is obtained from these
results are that the rotational constants are nearly the same as fJ is varied. The
variation of
constants

L1J

L1J

in the angles 45°, 50°, 57° and 60° is very small and the

and <1>JK show correlation. The values for standard deviation do not

change drastically as the angle varies (45° = 0.209 MHz and 77° = 0.193 MHz).
The variation of
a)

L1J

and

with changing the fJ are shown in Figure 4.14.
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Figure 4.14: Variation of

L1J

13 angle variation

and

<l>JK

when the angle fJ changes from

45°, 50°, 57°, 60°, 67°, 77° and 90°. (There is no significant variation m the
values of the distortion constant m the highlighted section).
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The variation of the bJ distortion constant follows the same pattern as L1J.
It is hard to explain why the distortion constants follow this pattern of variation.

But for the angles 67°, 77° and 90° the variation of

<l>JK

is nearly the same.

Another pattern for these specific angles can be observed for the tunneling

[B;c]

parameters as well. The variation of the

tunneling parameter with the

1

fJ

angle is shown in Figure 4.15. All the other tunneling parameters vary according
to the same pattern as shown above.
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Figure 4.15: Variation of -

2

----- -

when the angle

fJ

changes from 45°, 50°, 57°, 60°,

67°, 77° and 90°. (There is no significant variation in the values of the tunneling
parameters in the highlighted section).

As the tunneling parameters were varied it showed that the values of

[B;c]

1

did

not change drastically for the angles 67° and 77° and 90° (pathway b ).
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4.8. Anharmonic Frequency Calculations Performed for the Dimer
1,2-Difluorobenzene .. . HCCH
Anharmonic frequency calculations were another theoretical calculation
performed for the 1,2-difluorobenzene ... HCCH dimer using DFT (Density
Functional Theory). More details on DFT calculations will be discussed in Chapter
5. The level of calculation used was M062X/6-311 ++g(2d,2p ). The M062X level
of calculation is much faster than the MP2 calculations which makes anharmonic
calculations feasible for this complex. The rotational constants and the centrifugal
distortion constants obtained from these calculations are tabulated in Table 4.10.
The anharmonic frequency calculations were done to provide an estimate of what
distortion constants might be significant and to explore which vibrational mode
might be responsible for the tunneling motion (and so might help identify a
pathway).
The distortion constants obtained from anharmonic frequency calculations
for the dimer 1,2-difluorobenzene are lower than the distortion constants obtained
from SPFIT2 (Table 4.6). For example the L1K SPFIT fitted value is -330 kHz but
in the anharmonic frequency calculation results it is only -1.84 kHz.

108

Table 4.10: Rotational constants and distortion constants obtained from
anharmonic frequency calculations for 1,2-difluorobenzene ...HCCH dimer.
Constant

Value

A (MHz)

1376.58

B (MHz)

I 163.97

C(MHz)

1020.58

L1J (kHz)

0.643

L1K (kHz)

-1.84

LJJK (kHz)

3.13

JJ (kHz)

-0.002

LJK (kHz)

- 0.001

<PJ (Hz)

- 0.001

<PK (Hz)

0.166

</JJK (Hz)

0.032

</JKJ (Hz)

- 0.163

(/JJ (Hz)

- 0.0003

<PK (Hz)

- 0.014

<PJK(Hz)

-0.005

The values of these distortion constants were used to try to fit the
spectrum of 1,2-difluorobenzene .. . HCCH using SPFIT2 and ERHAM 3, which was
another attempt to obtain a good assignment. But this fitting process also did not
provide successful results. However, the results of these anharmonic calculations
do show that the motion of atoms that are responsible for the lowest energy
vibrational mode (predicted at 28 cm- 1) is consistent with the motion of pathway
a, Figure 4.10.
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4.9. Stark Effect Applications for the Spectral Transitions of the Dimer
1,2-Difluorobenzene ... HCCH
Stark effect measurements for this complex were done usmg a BalleFlygare18 type cavity instrument at the Eastern Illinois University. The schematic
diagram 19 of this instrument is given in Figure 4.16.
In this project Stark effect measurements were performed to confirm the
assigned rotational transitions and to perhaps identify some of the unassigned
transitions. The main elements of the Balle-Flygare 18 type spectrometer are the
Fabry-Perot cavity, pulsed nozzle and the pulsed microwave radiation source. The
gas sample is admitted to the Fabry-Perot cavity through a pulsed supersonic
nozzle. The Fabry-Perot cavity is where the sample is probed by phase coherent
microwave radiation which is produced by a pulsed microwave radiation source.
Introduction of the gas sample into the cavity (vacuum chamber) is an adiabatic
expansion, which is called a supersonic expansion (Section 4.3 .2). The signals are
detected by a heterodyne detector where the signals are filtered and amplified and
sent to FID detector where the time domain signals are averaged. These FID (free
induction decay) signals undergo Fourier-transformation, which gives the frequency
domain signals to provide the rotational spectral transitions of the molecular
complex.
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Figure 4.16: A schematic diagram 19 of Balle-Flygare 18 type cavity instrument used
for Stark effect measurements.

Before carrymg out experimental Stark effects for specific transitions, the
ASYSPEC 20 program was used to predict Stark effect coefficients for the specific
transitions. This helps in predicting the expected frequency shifts for the M
components (space orientation quantum number, Section 1.5) of the transitions at
certain applied electric field strengths. Electric field strength, E is calculated by
the formula given below

£Z =

(2 :v)

2

4.5

Where V, is the applied voltage on the Stark plates and d is the distance
between the two Stark plates in the vacuum chamber. These predictions help to
identify the expected spectral transitions.
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4.9.1. Confirmation of Microwave Spectral Transitions Using Stark Effect
Measurements

The list of frequencies for which the quantum number assignment was
confirmed by Stark effect measurements are tabulated in Table 4.11.
Table 4.11. Confirmed transitions using Stark effect measurements.
Upper Frequency
(MHz)
31i-211: 7506.6866

Lower Frequency
(MHz)
4w313: 9227.8521

404-313: 9524.6071
4w31 3: 9557.8663
404-303: 9593.2518

For the transition 3 12 -2 11 : 7506.6866 MHz, Stark effect measurements were carried
out at ±100 V, ±200 V, ±300 V and ±400 V. When an electric field is applied to
this specific transition, it splits into three components with negative value
frequency shifts. At ±400 V, the frequency split in to 7506.3569 MHz (M = 2),
7506.6020 MHz (M= 1) and 7506.6790 MHz (M= 0). The frequency shift, (Liv)

can be used to calculate A+BM by the equation 4.6 given below (Section 1.5).
4.6

Calculated Stark coefficients for M= 1 (predicted: -1.2
experimental: -1. 7 x 10-4 MHz cm2N
(predicted: -5.0

x

10-4 MHz cm 2N

2,

2)

x

10-4 MHz cm 2/V2,

and for M = 2 it was the same

experimental: -5.0

x

10-4 MHz cm 2N

2).

In this

A =Ag.µ/ and B = Bg.µ/, where µg is the dipole moment component. Predicted
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and calculated experimental Stark coefficients for the above transitions are
tabulated in Table 4.12.

Table 4.12: Predicted and experimental Stark coefficients for different M
components.

Transition (MHz)

Applied electric
voltage (± V)

M = 1: - l.2x 10-4
M = 2: - 5.0xl0-4
M = 1: - l.2x 10-4
M = 2: -5 .0xl0-4
M = 1: 8.6x10-6
M = 1: 1.1x10- 5
M = 2: 4.6x10- 5
M= 2: 8.lxl0- 5
M=3: 1.8x10-4

200
400

404-313: 9524.6071
4w313: 9557.8663
4w313: 9227.8521
404-303: 9593.2518

Predicted
(A + BM2)
(MHz cm 2/V 2)

1000
1000
500
500

Experimental
(A + BM2)
(MHz cm 2/V 2)
M = I:
M= 2:
M= 1:
M= 2:
M = 1:
M = 1:
M = 2:
M=2:
M = 3:

- l.7x10-4
- 5.0xl0-4
- l.3x10-4
-4.9x10-4
1.3x 10- 5
1.9x 10- 5
6.4x10- 5
5.6x10- 5
1.2x10-4

The other lines which we wanted to confirm were 7300.6899 MHz for the lower
frequency 3 12 -2 11 transition and 9997.795 MHz for the upper frequency 4 22 -3 2 1
transition. The predicted

~v

for 3 12-2 11 transition for M = 0 (7300.6899 MHz)

is 0.094 MHz, and the experimental

~v

is 0.092 MHz at the applied electric

voltage of 200 V. The predicted and the experimental Stark coefficients for this
transition are - 1 x 10-4 MHz cm 2N 2 and - 5.8 x 10-4 MHz cm2N 2 respectively. The
discrepancy between predicted and experimental Stark coefficients can occur due
to the differences in the dipole moment components and the rotational constants
of the experimental and the theoretically calculated structures.
The predicted and the experimental Stark coefficients for 422-321, at
transition 9997.7960 MHz are 1.04 x 10-4 MHz cm 2N 2 and 1.2 x 10-4 MHz cm2N 2
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respectively at the applied voltage of 100 V. When comparing the intensities of
9997.7960 MHz and the 423-322, 9805.3125 MHz they should be closer to each
other. The intensity ratio of 422-321 and 42 3-3 22 is 1.19. The Stark effect
measurements of these frequencies confirm that these experimental transitions are
correct.

4.10. Conclusion
From the above spectral transitions (Table 4.2, Table 4.3 , Table 4.4 and
Table 4.5) it is only possible to obtain the energy differences of 14 energy levels
since the constant differences provide data only for two energy levels. These
energy differences of the rotational levels are tabulated in Table 4.13. Even
though the correct rotational transitions for the dimer were identified with the
correct rotational quantum numbers it was not possible to fit the rotational
spectrum to the desired precision using any of the fitting programs discussed
above.

Table 4.13: The data that can be obtained from the constant difference transitions.

J'

3
4
5
6
3
4
5
6

KI
a

0
0
0
0
1
1
1
1

K' c
3
4
5
6
2
3
4
5

J"

3
4
5
6
3
4
5
6

K
a

K" c

2
2
2
2

3
4
5
6
2
3
4
5

II

Upper (00)
Frequency

Lower (11)
Frequency

(MHz)

(MHz)

68 .6462
33.2574
15.3980
6.6556
488.2160
364.7136
244.4673
149.1944

59.5898
26.5086
10.8504
4.4322
327.0710
201.2605
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Though it was not possible to obtain a good spectral fit, the rotational
constants A, B and C obtained from SPFIT2 agree with the ab initio
(MP2/6-311 ++G(2d,2p)) rotational constants (Chapter 3, Table 3.2) of structure I
with a percent relative error of 7.7%, 9.3% and 15.2% respectively. The rotational
constants A and B obtained from ERHAM3 agree with the ab initio rotational
constants (structure I) with a percent relative error of 7.6% and 8.4%. The C
rotational constant obtained from ERHAM 2 is nearly equal to the average of the
fitted C rotational constant of ground state and the excited state from SPFIT. 2
This could be a possible indication that the internal rotation of the complex
occurs in a way such that mainly affects the c-ax1s of the complex (pathway b,
Figure 4.10). Stark effect measurements done for this complex proved that the
experimental frequencies assigned are correct. If some transitions are confirmed m
the constant differences it gives a confirmation of the other transitions as well.
Even though the expected prec1s10n was not obtained in spectral fitting
(with SPFIT2 and with ERHAM3), it is possible to use the data obtained from
spectral analysis to try a different program like BELGI. 2 1 This program also treats
the internal rotation effects of the spectrum using the rho-axis method with
additional parameters which are used to define internal rotation of the complex. It
is possible that these additional parameters would work well to provide a better fit
for the dimer 1,2-difluorobenzene ... HCCH spectrum.
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Ab initio and DFT Studies of
Fluorobenzene ... (HCCH) 2 Trimer

Chapter 5

118

5.1. Outline
In this chapter, computational results for the fluorobenzene ... (HCCH)2
trimer optimization will be discussed. All calculations have been carried out using

ab initio and DFT methods. Ab initio and DFT calculations were performed for
these structures using Gaussian 03 1 and Gaussian 092 respectively. In this section
the theory behind DFT (density functional theory) methods, the advantages and
disadvantages of DFT over ab initio calculations will be addressed. Structural
properties and relative energies of the fluorobenzene ... (HCCH) 2 trimers obtained
from these calculations will be explained in detail later in this chapter. Finally the
spectral patterns that can be found in the predicted spectrum followed by a
discussion of the structural differences between the complexes and binding
energies of the optimized structures will be included in the chapter.

5.2. Introduction
Theoretical calculations and IR spectroscopic studies have been performed
on benzene . .. (HCCH)2 trimer, which is a ternary complex that contains CH .. .n
interactions. 3 •4 Fluorobenzene ... (HCCH)2 is another trimer containing CH . . .n
interactions. As mentioned in the previous chapters, fluorobenzene ... HCCH 5
complex recently studied at Eastern Illinois University from a scan carried out on
the chirped-pulse Fourier-transform microwave spectrometer at the University of
Virginia.6 Fluorobenzene ... (HCCH)2 trimer can be formed in supersonic expansion
from the experimental concentrations of the monomers used for the formation of
fluorobenzene ... HCCH5 dimer. So there is a possibility to observe the spectral
transitions of the trimer in the rotational spectrum of fluorobenzene ... HCCH.
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In the fluorobenzene ... HCCH5 dimer, all the spectral transitions of

13 C

isotopic species were assigned in natural abundance. These isotopic species occur
at an intensity of around I% of the parent dimer transition. The presence of
fluorobenzene ... (HCCH)2 trimer population in the supersonic expansion of
fluorobenzene ... HCCH 5 is likely to be approximately similar in intensity to the
population percentage of

13 C

isotopic species (::::: 1.1 %). Therefore there is a

possibility of observing the spectral transitions of the trimer in the scanned
rotational spectrum of fluorobenzene ... HCCH. 5 In this spectrum there are
approximately 11,000 unassigned transitions above a signal to noise of 1:2.
Therefore finding transitions of the trimer is a difficult task since the scanned
rotational spectrum is very dense.
Ab initio and DFT methods were used to optimize possible trimer

structures for the fluorobenzene .. .(HCCH)i complex. Rotational constants and
dipole moment components obtained from these computational calculations for the
lowest energy structure were then used to predict a rotational spectrum for the
trimer. This predicted rotational spectrum illustrates which spectral patterns might
be found in the experimental spectrum. Also Ab initio and DFT optimized
structures provide details on how the CH ... n: distances change in each structure
according to the method of calculation that was used and also how these
structural parameters vary as the binding sites change.

120

5.3. Ab initio and DFT Calculations Performed for the
Fluorobenzene ... (HCCH)2 Trimer
Computational calculations for the trimer were performed by ab initio and
DFT methods. MP2 7 and M06 8 were the levels of calculations used in ab initio
and DFT respectively. For both theoretical levels 6-311 ++G(2d,2p) was used as
the basis set. Use of ab initio calculations was discussed in detail m section 3.3.
In this section more details on DFT calculations will be presented.

5.3.1. Theory of DFT calculations
In DFT (density functional theory), calculation of molecular properties and
total molecular energy is computed as a function of the electronic density
(probability of finding an electron at a specific location , around a molecule) of the
molecular complex.9 This approach is different from ab initio calculations in
which molecular properties are derived directly from wavefunctions of the
molecular species by application of appropriate operators.
The Kohn-Sham approximation 10 was one of the first developed theorems
that is used in DFT methods. Many improvements in OFT methods in the last 10
years have focused on increasing the accuracy when applied to weakly bound
complexes and since OFT methods are a lot faster than wavefunction based
methods (like MP2), they offer an alternative method by which larger systems can
be studied.
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5.3.2. Advantages and Disadvantages of DFT (Density Functional Theory)
Methods
DFT and high level ab initio methods provide a better description of
electron correlation than Hartree-F ock methods 11 (HF) smce in HF methods
electron correlation is not considered. The major advantage of DFT over MP2
methods is the computer time used by DFT calculations since it is much less
than MP2 level of calculations. DFT calculations are often 10 times or more
faster than MP2 calculations.
Theoretical studies of molecular systems have shown that DFT methods
have typically not provided a good description for properties of weakly bound
complexes which arise due to dispersion forces 12 since dispersion forces arise as a
result of electron correlation effects. Nevertheless DFT methods do better in
energy calculations in H-bonded systems since they arise due to electrostatic
forces between two molecular species. 13
In ab initio calculations, perturbation theory can be improved systematically
(MP2, MP4, etc.) to get more accurate results of binding energies of molecular
systems. 14 But this systematic improvement of calculations cannot be applied to
DFT methods. Sometimes a specific level of DFT calculation will do better in
energy calculation and structure optimization in a particular molecular system but
it cannot be assured that this same level of calculation will behave in the same
way for a different molecular system.
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In this project MP2 and DFT calculations have been used in the
optimization process for fluorobenzene ... (HCCH)2. These two different calculation
methods provide information on how the CH ... rr distances change in the complex
according to the calculation method used.

5.4. Ab initio and DFT Results of Fluorobenzene ... (HCCH)i
Ab initio results obtained for the fluorobenzene . .. (HCCH) 2 complex are

tabulated in Table 5.1. Results obtained from DFT methods are included in
Table 5.2. The lowest energy structure of the trimer obtained from ab initio and
DFT methods is given in Figure 5.1. There are structural differences between the
lowest energy structures (CH ... rr distances) obtained from ab initio and DFT.
b)

a)

c
Figure 5.1: The lowest energy structure of fluorobenzene ... (HCCH)2 a) ab initio
(MP2) b) DFT (M06) methods.
In the lowest energy structure of the trimer the free end of the acetylene
(hydrogen atom not interacting with the ring) which is above the plane of
fluorobenzene monomer is tilted towards the other acetylene molecule making a
T-shape, which is the lowest energy structure of the acetylene dimer. 15 This
structure of the trimer is an asymmetric top with C 1 symmetry with a permanent
dipole moment.
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5.4.1. Ab initio Results Obtained for the Fluorobenzene ... (HCCH)2 Trimer
The ab initio results of the structures are listed in Table 5.1 below.
Table 5.1. The relative energies, rotational constants and the dipole moment
components obtained for the fluorobenzene ... (HCCH)2 trimer from ab initio (MP2).

Structure

IV

Relative
Energy (cm- 1)

Rotational
Constants
(MHz)

Dipole
Moments
(D)

0.0

A: 1093.44
B: 659.34
C: 605.61

µ.: 0.04
µb: 0.13
µc : 1.46
µtot: 1.47

860.5

A: 1660.54

µ. : 0.06
µb: 1.49
µc : 0.01
µtot: 1.49

B:
C:

305.92
284.2 1
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The lowest energy structure of fluorobenzene ... (HCCH)2 1s shown m Figure 5.2.

c~~.n: =3.13 A
CH ... n: =3.13

A\

CH ... n:

=2.39 A

:-11
' J-lilt-f:j...4';,A-.4

Figure 5.2: The lowest energy structure (I) of tluorobenzene ... (HCCH)2 trimer
(MP2).
The CH . .. n: distance between the acetylene molecule and the fluorobenzene
rmg is 2.39 A, which is measured from the hydrogen atom of acetylene to the
center of the fluorobenzene monomer. In structure I, the acetylene molecule,
which is above the plane of the fluorobenzene monomer is tilted away from the
fluorine atom whereas in the fluorobenzene ... HCCH dimer the acetylene molecule
is tilted towards the fluorine atom. This difference might have occurred since the
acetylene molecule which is above the plane of fluorobenzene monomer behaves
as an electron donor to the second acetylene molecule.
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a)

b)

I
I

CH ...n: =:2.68

A

I

CH ... n:

42.39 A

Figure 5.3: a) The lowest energy structure of fluorobenzene .. . HCCH 5 dimer and
b) HCCH .. .HCCH 15 dimer.

When comparing the CH . .. rr distance of the lowest energy structure of
fluorobenzene .. . (HCCH)i with (Figure 5.3) fluorobenzene . .. HCCH 5, it is seen that
the predicted CH .. . rr distance (the perpendicular distance to the ring plane from
hydrogen atom of acetylene) is the same, 2.39

A. The CH .. .rr distance between

the two acetylene monomers m the HCCH .. .HCCH dimer is 2.68
trimer it is 2.64

A and in the

A. In addition, m this structure (I) the hydrogen atoms of

fluorobenzene monomer can form CH .. .rr interactions with the -C=C- region of
the second acetylene monomer.
The lowest energy structure (I) of the trimer has a strong µc dipole
moment with strong c-type transitions (Table 5 .1 ). In the trimer, the dipole
moment of the complex depends on the dipole moment of the fluorobenzene
monomer and acetylene dimer. The theoretical dipole moment of the fluorobenzene
monomer is 1.59 D 16 whilst the total dipole moment of the trimer is 1.47 D. The
experimentally determined fluorobenzene dipole moment is 1.66 D. 17 In the
fluorobenzene monomer the total dipole moment is projected along the a-axis. In
the trimer a large component of the dipole moment is projected along the c-ax1s
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of the trimer. This is presented in Figure 5.4. The total dipole moment of the
trimer is lower than the fluorobenzene monomer. This is due to the dipole
moment of the acetylene dimer and the induced dipole moment of the complex
opposing the direction of dipole moment of the fluorobenzene monomer.

Figure 5.4: The distribution of dipole moment of the fluorobenzene monomer and
fluorobenzene .. .(HCCH) 2.

CH ... rr

=2.64 A

CH ... rr
CH ... rr

=2.39 A

=3.13 A

Figure 5.5: The CH .. .n interactions of structure II, the 2nd lowest energy (MP2).

The relative energy difference of structure II (Figure 5.5) is 35.1 cm- 1•
Since this relative energy difference is small there is a possibility of observing
the spectral transitions of this structure in the experimental spectrum as well. The
relative energy difference indicates the binding energy difference between the
lowest energy structure and the other optimized structures of the trimer. The
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lowest energy structure (II) has a strong µa dipole moment component, with
relatively smaller µb and µc dipole moment components. Therefore this complex
forms strong a-type transitions. According to the dipole moment components
(Table 5.1), the intensities of a, b and c-type transitions are 1.32:0.62:0.40
(1.15 2 :0.792 :0.63 2 ). The structures III and IV (Figure 5.6) have higher relative
energies (174 cm-' and 860.5 cm- 1). Therefore these structures are not likely to be
observed experimentally. But they are good examples for complexes with CH ...n
interactions.
IV

I

CH ...n =:2 .69

Ill

CH ... n

I
I

A

I

=2.39 A

CH ...n

=2.39 A
CH ... n= Z,38 A
I
I
I

Figure 5.6: CH .. .n interactions of structure III and structure IV (the highest

energy structure).
In structure III (Figure 5.6) it is interesting to observe that the CH ... n
distances (the distance from hydrogen atom of acetylene to the center of the
fluorobenzene ring) are the same. In the highest energy structure of the trimer
(IV) it can be observed that there is no interaction between the second acetylene
monomer with the fluorobenzene ring. When comparing all the structures obtained
from MP2 calculations it can be seen that the complexes with more CH .. .n
interactions have the lowest relative energies since it increases the binding energy
of the complexes (structures I & II).
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5.4.2. DFT Calculation Results Obtained for the Fluorobenzene ... (HCCH) 2
Trimer
The trimer structures for fluorobenzene .. . (HCCH) 2 were optimized by DFT
methods (M06) as mentioned earlier in this chapter (Section 5.3.). The data of
M06 level calculations are tabulated in Table 5.2.

Table 5.2. The relative energies, rotational constants and the dipole moment
components obtained for the fluorobenzene . .. (HCCH) 2 trimer from DFT (M06).

Structure

Relative
Energy
(cm- 1)

Rotational
Constants
(MHz)

Dipole
moments

A: 1094.65

µ 3 : 0.05
µb: 0.23
µc: 1.37
µtot: 1.39

(D)

v
0.0

25.0

B:
C:

649.11
588.00

A:
B:
C:

1318.64
582.45
491 .85

µ 3 : 1.12
µb: 0.64
µc: 0.62
µtot: 1.43

A:

1140.97

µ 3 : 1.07

B:
C:

723 .79
599.49

µb: 0.47
~= 0.82
µtot: 1.43

VII

145 .7
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Structure

Relative
Energy
(cm-1)

Rotational
Constants
(MHz)

Dipole
moments

432.1

A: 1701.36
B: 500.49
C: 446.98

µ. : 0.03
µb: 1.19
~: 0.00
µtot: 1. 19

723.3

A: 1614.77
B: 307.16
C: 283.56

µ. : 0.12
µb: 1.28
µc : 0.00
µtot: 1.28

730.1

A: 1620.12
B: 304.41
C: 285.87

µ. :
µb:
µc :
µtot:

757.9

A: 913.93
B: 608.89
C: 365.43

(D)

VIII

IX

x
0.12
1.29
0.00
1.29

XI

µ.: 0.00
µb: 1.77
~: 0.00
µtot: 1.77
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~CH ... rr =3.14 A: CH ...rr =2.55 A
'~''

CH ...rr

I

=3.16 A',,j' t::llf?~l9=:'1

Figure 5.7: The lowest energy structure (V) of fluorobenzene ... (HCCH) 2 trimer
(M06)

A

The CH ... n distance of structure V (Figure 5.7) is 0.16

longer than that of

structure I. But the difference between the CH . ..n distance of the two acetylene
monomers in structure I and V is 0.02 A.

VI

VII
CH ... rr

,.
CH ... rr

:

•CH ... rr =3.:13

=2.99 A :'.

CH .. .rr

A

=2.62 A
, CH ...rr

=2.54 A

=2.55 A

'', CH ... rr =4.:77 A
' ' ' ...- S..Qa.-1__ .QI.......,

CH .. .rr

=2.92 A'~, ,.IHillS--',.,.._r~

Figure 5.8: CH .. .n interactions of fluorobenzene ... (HCCH)i trimer VI and VII
In complexes V, VI and VII the CH .. .n distances (hydrogen atom of
acetylene to the center of the fluorobenzene ring) have nearly the same values
(2.55

A,

2.54 A and 2.55

A).

This can be seen in the distance between two

acetylene molecules as well (2.62

A,

2.65

A

and 2.62

A).

The relative energy

difference between structures V and VI is 25 cm- 1• Therefore there is a possibility
to observe the spectral transitions of structure VI. In structure VII the acetylene
molecule which is above the mirror plane of fluorobenzene is tilted towards the
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fluorine atom. Structures VI and VII (Figure 5.8) have a strong µa dipole moment
(Table 5.2) which gives rise to strong a-type transitions. But due to the high
relative energy (145.7 cm- 1) it would not be likely to observe rotational transitions
for structure VII.

CH .. .n

=2.64 A

Figure 5.9: CH . ..n interactions of fluorobenzene .. . (HCCH) 2 trimer, VIII.
The A, B and C rotational constants of structure VIII (DFT) are lower
than the ab initio structure III (Figure 5.9) rotational constants by 0.95 MHz,
19.4 MHz and 16.37 MHz respectively. In structure III, CH . .. 7t distances are equal
and the acetylene molecules are perpendicular to the plane of fluorobenzene ring
whereas in structure Vlll the acetylene molecules are tilted towards the fluorine
atom of the fluorobenzene and the CH .. .n distances are different from each other
by 0.04

A. Structures IX and X are shown in Figure 5.10.
x

IX

I

CH .. .n d.2.70
I

A

='.2.71A
I

I

CH ... n

CH ... n

=2;.62 A

CH ...n~ 2.61

A

Figure 5.10: CH .. .n interactions of fluorobenzene ... (HCCH)2 trimers, IX and X.
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The difference between structures IX and X lies in the position of the second
acetylene molecule which is not interacting with the fluorobenzene ring directly.
The relative energy difference between IX and X is 6.8 cm- 1• Therefore it can be
proposed that X might be a transition state connecting two equivalent forms of IX
in which the which the top acetylene molecule rotates by 180° since the energy
barrier of rotation of acetylene molecule from IX to X is low (6.8 cm- 1). Both
structures have strong µb dipole moment components (1.28 D and 1.29 D). In
structures IX and X the acetylene molecule on tluorobenzene monomer is slipped
away from the ring. The difference between the CH .. .n distance (the distance
between the =CH of acetylene and the fluorobenzene ring) of structure IV (Figure
5.6) is lower than the structures IX and X by 0.24 A and 0.23 A respectively. But
the CH ... n distances between the two acetylene molecules are nearly the same in
IV, IX and X (2.69 A, 2.70 A and 2.71 A).

CH ... n

=2.95 ~'
H... F =t.35 A

' \ CH ... n

H... F ~t.35

=2.95 A
A

I

Figure 5.11: CH .. .n interactions of tluorobenzene ... (HCCH)2 trimer, XI.
The structure with the highest relative energy (XI) is given m Figure 5 .11. In this
structure there are CH .. .n interactions and hydrogen bonds. H-bonds occur
between hydrogen atoms of acetylenes and the fluorine atom of tluorobenzene. The
CH .. .n distance of this complex was measured from the -CH of fluorobenzene to
the center of the -C=C- region of acetylene molecules.
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Theoretically calculated rotational constants and the dipole moment components are
used to predict the rotational spectrum of the trimer. The spectral predictions were
done using the ab initio results obtained for the lowest energy structure (I). This
will be discussed in the next section.

5.5. Predicting the Rotational Spectrum of Fluorobenzene ... (HCCH) 2
The rotational spectrum of the trimer was predicted using ab initio
(MP2/6-3 l 1++G(2d,2p)) values of the lowest energy structure of
fluorobenzene ... (HCCH)2 trimer (structure I, Figure 5.2). Values of the rotational
constants and dipole moment components are tabulated in Table 5.3.

Table 5.3: Ab initio (MP2) rotational constants and dipole moment components of
the lowest energy structure of fluorobenzene . .. (HCCH)2 trimer (I).

Rotational Constants
(MHz)

Dipole Moment (D)

A: 1093.44

µ.: 0.04

B: 659.34
C: 605.61
tot :

1.47

This complex does not have strong µa and µb dipole moment components.
Therefore this spectrum does not contain a and b-type transitions. Hence it does
not give rise to

the constant difference patterns which were described in Chapter

1 and 4. The spectral patterns that can be found in the prediction spectrum are
shown in Figure 5.12 & Figure 5.13.
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Figure 5.12: A spectral pattern (I) that can be found in the predicted spectrum of
fluorobenzene ... (HCCH) 2 trimer (Structure I, MP2).

In this spectral pattern the separation of the doublets
533-423, 6 33-523

(43 1-32 1

& 4 32-322, 5 32-422 &

& 6 34-524 and 734-624 & 7 35-625) increases as the J rotational

quantum number increases.
12089 . 8620

Figure 5.13: A spectral pattern (II) that can be found in the predicted spectrum
of fluorobenzene ... (HCCH)2 trimer (Structure I, MP2).
This spectral pattern follows the same pattern as given in Figure 5.12. In this
spectral pattern the separation of the doublets

(642-532

&

643-533, 743-633

&

744-634,

and 844- 7 34 & 845- 7 35 ) increases as the J rotational quantum number increases.
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This can be explained by the rotational energy level separations of
fluorobenzene ... (HCCH)2 trimer which are shown in Figure 5.14 and Figure 5.15
separately.

532 - - , - - - - - -

431

:.-:.-=..-=.-.;
~ ;::::::::; y
432
' •

321

y

- --=-----------1
>x
J
423 -----'"------"
422

----111-=----.

,..

x

Figure 5.14: Separation of energy levels which form the doublets m the predicted
spectrum (Figure 5 .12).

6 42 -

-

--:...-----.

y

6 43

744 - --

y

..,,..--- -- '

532 - - -- ----.
- x

-X

533 _ __ _____ __.

6 34 _ _ __

_ _~

Figure 5.15: Separation of energy levels which form the second set of doublets
in the predicted spectrum (Figure 5.13).
The separation between the doublets in the predicted spectrum equals x - y
(Figure 5.14 and Figure 5.15). When the J quantum number increases x and y
increase. This makes the ·separation of the doublets increase as shown in the
predicted spectrum, Figure 5.12 and Figure 5.13. Finding the correct transitions
136

using these spectral patterns was not as easy as usmg the constant difference
pattern (Chapter 1 & 4). As the J quantum number increases the possibility of
finding the transitions of the trimer is harder since the lines of the doublets move
apart. Identification of trimer transitions from the experimental spectrum with the
assistance of the predicted spectrum was attempted, but the attempt was not
successful because the intensity of the trimer transitions are very low.

5.6. Discussion
When comparing optimized structures from MP2 and DFT calculations it
can be observed that the CH . ..n distance (the distance from hydrogen atom of
acetylene to the center of fluorobenzene ring) of the MP2 optimized structures (I,
II, III and IV) lie between 2.38 - 2.39 A whereas in DFT optimized structures the
CH .. .n distance lies between 2.54 - 2.55 A. The CH .. .n distances between two
acetylene monomers of the MP2 optimized structures I: 2.64 A, II: 2.64 A and
IV: 2.69 A. The CH .. .n distances (distances between two acetylene molecules) of
the DFT optimized structures are V: 2.62 A, VI: 2.65

A, VII: 2.62 A, IX: 2.70 A

and X: 2. 71 A. The A rotational constant of the lowest energy structure optimized
by MP2 (I) is 1.2 1 MHz lower than the DFT optimized lowest energy structure
(V) but B and C rotational constants of structure I are higher than structure V by
10.23 MHz and 17.61 MHz respectively. Without experimental evidence we cannot
determine which method of calculation provide the most suitable values for
rotational constants for this weakly bound trimer complex.
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The theoretical binding energy (BSSE uncorrected) comparison (Section 3.4) of
MP2 and M06 levels of calculations are tabulated in Table 5.4. These structures
are I, II, III, V, VI and VIII.
Table 5.4: Binding energy companson of MP2 and M06 optimized structures.
MP2
structure

Binding
Energy
(kJ mor1)

DFT

structures

Binding
Energy
(kJ mor 1)

v
-22.3

-33.3

VI

II

-22.0

- 32.9

Ill
VIII

-31.2

- 17.1

The theoretical binding energy (BSSE uncorrected) calculated from MP2
calculations for fluorobenzene ... HCCH dimer is - 15.9 kJ mor 1• The binding energy
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of the lowest energy structure of fluorobenzene ... (HCCH)2 is -33.3 kJ mor 1• The
addition of an acetylene molecule has increased the binding energy of the trimer
by -17.4 kJ mor 1• The higher binding energy of the fluorobenzene ... (HCCH)2
complex is due to the higher number of CH .. . n interactions of the trimer. Even
though the fluorobenzene ... (HCCH)2 is the most energetically favorable structure
formation of the trimer require a series of steps starting from the formation of
fluorobenzene ... HCCH and the HCCH ... HCCH dimers. (Fluorobenzene)2... HCCH
trimer is another possible structure that could form in the supersonic expansion.
But it is hard to say whether transitions of that structure are observable in the
fluorobenzene .. . HCCH spectrum.
The structures optimized by the MP2 level of calculation have higher
binding energies with relatively shorter CH .. .n distances (2.38 A) and the DFT
optimized structures have lower binding energies with relatively longer CH .. .n
distances (2.55 A). There can be two reasons for this variation. They are,
1) MP2 calculations (ab initio) might have overestimated the binding energies of
the complexes which makes the intermolecular distances (CH .. . n distances) to get
closer
2) M06 (DFT) calculations might have underestimated the binding energies of
these complexes which give nse to longer CH .. .n distances.

This could be due to the fact that the MP2 method defines electron correlation
effects better than DFT calculations. Without experimental evidence it cannot be
determined which calculation method would provide the better description for
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CH .. .n interactions and the binding energies of the weakly bound molecular
complexes In the lowest energy structure (I) the CH .. .n interaction strength
between the acetylene molecule and the tluorobenzene monomer could be lower
than that of tluorobenzene ... HCCH dimer since in the trimer -C=C- region of
acetylene monomer which is above the plane of fluorobenzene monomer behaves
as an electron donor to the =CH group of other acetylene molecule.

5.7. Conclusion
The main objective of this project was to find the rotational constants of
tluorobenzene ... (HCCH)2 trimer. The spectral patterns that can be found in this
spectrum are different from the patterns of 1,2-ditluorobenzene ... HCCH dimer
since the trimer spectrum only has c-type transitions. An attempt was made to
find the transitions of the spectrum by measuring unassigned lines in the scan of
tluorobenzene .. . HCCH, but the attempt was unsuccessful. These c-type transitions
of the trimer could be overlapped with other transitions which make finding the
spectral transitions very difficult and sparse pattern which is hard to confirm.
The calculations (MP2 and M06) performed for this complex provided
important structural similarities and differences in intermolecular bond distances
and the differences in binding energies occur in the trimer
tluorobenzene ... (HCCH)2 . Most importantly the lowest energy structures I (MP2)
and V (M06) are predicted to be nearly the same structure which would exist
under experimental conditions. This tluorobenzene ... (HCCH)2 trimer calculation
results can be used to find the behavior of the ab initio and DFT calculation
methods in weakly bound molecular systems.
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One of the future goals for this project is to use the latest version of the
AUTOFIT 18 program to find the spectral transitions of the trimer. The rotational
constants and the dipole moments obtained for the lowest energy structures from
these computational calculations will be used when using the AUTOFIT
program. 18
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Appendix A
1)

SPFIT output file obtained for the fitted constants m Table 4.7.
EXP . FREQ .

1:
2:

3:
4:
5:
6:
7:

8:
9:
10 :
11 :
12 :
13 :
14 :
15 :
16 :
17 :
18 :
19 :
20 :
21 :
22 :
23 :
24 :
25 :
26 :
27 :
28 :
29 :
30 :
31 :
32 :

33 :
34 :
35 :
36 :
37 :
38 :
39 :
40 :
41 :
42 :
43 :
10000
20000
30000
10011
20011
30011
200
211
1111
10
1100
40199
11
41099
12
2099
13
2100
14
15
40211
3099
16
17
1211
MICROWAVE AVG =
MICROWAVE RMS =
END OF ITERATION

CALC . FREQ . DIFF . - EXP . ERR .7125 . 55052
7125 . 09869
7194 . 19482
7194 . 17130
0
7252 . 24454
7251. 39397
7320 . 89068
7320 . 46658
0
6889 . 87794
6889 . 91914
6949 . 46584
6949 . 37115
7009 . 02593
7009 . 16160
7068 . 61572
7068 . 61361
9524 . 60733
9524 . 84800
9557 . 86665
9558 . 23152
9593 . 25186
9593 . 92061
9627 . 30413
9626 . 50931
9201 . 33776
9201 . 33054
9227 . 85216
9227 . 90390
9260 . 93134
9260 . 78255
9287 . 43998
9287 . 35592
11485 . 04675
11484 . 95596
11495 . 89717
11496 . 18494
11511. 56015
11511. 52932
11897 . 34865
11897 . 39108
11912 . 74719
11912 . 23020
11930
. 77460
11930 . 61111
11946 . 00908
11945 . 61372
13754 . 16702
13753 . 88320
13758 . 60353
13758 . 48273
13765 . 01583
13765 . 11218
13769 . 44803
13769 . 71171
14255.14692
14255 . 73929
14261 . 78397
14261 . 80668
14270 . 54410
14270 . 57841
14277 . 19973
14276 . 62309
9440 . 60117
9440 . 70372
9805 . 31244
9804 . 93295
9929 . 35983
9928 . 82194
10293 . 58907
10293 . 53556
11631 . 46067
11631. 46634
11812 . 92247
11812 . 87180
11938 . 73914
11938 . 78 425
12120 . 20003
12120 . 18970
11947 . 26716
11947 . 36525
12191 . 82991
12192 . 32044
12312 . 07728
12311 . 4 9639
12556 . 54460
12556 . 54967
NEW PARAMETER (EST . ERROR)
CHANGE THIS
1471 . 89931111)
0 . 0047
A
1276 . 0426( 76)
0 . 0041
B
- 0 . 0025
1181 . 2652 ( 46)
c
1452 . 4901( 90)
0 . 0011
A
1252 . 15201 77)
0 . 0031
B
- 0 . 0021
1135 . 29411 41)
c
0 . 053166(175)
- 0 . 000098
Del ta J
0 . 1371931211)
- 0 . 000117
Delta~)
- 0 . 14895(129)
0 . 0004 6
Del ta JK
0 . 23254( 73)
0 . 00033
Delta_JK
5 . 627 ( 61) E- 03
- 0 . 031E - 03
delta J
- 0 . 00093
del t a_K
2 . 24099(164)
Delta_K
- 0 . 32961(1131
0 . 00009
PhiKJ
0 . 095951( 68)
0.000013
0 . 00004E - 03
PhiJ
0 . 40730( 50)E - 03
- 0 . 00030
PhiK
0 . 18284( 51)
PhiJk
0 . 0104219(313)
0 . 0000051
0 . 00000
0 . 005251 MHz , IR AVG
0 . 336929 MHz , IR RMS=
0 . 00000
8 4 . 23218
8 4 . 23212
OLD , NEW RMS ERROR=

2
2

0
0

EST . ERR. - AVG . CALC . FREQ . DIFF . - WT .
0 . 00400
0 . 00264
0 . 45183
0 . 02353
0 . 00400
0 . 00188
0 . 85057
0 . 00400
0 . 00232
0 . 42410
0 . 00400
0 . 00275
- 0 . 04119
0 . 00400
0 . 00309
0 . 09469
0 . 00400
0 . 00246
- 0 . 13567
0 . 00400
0 . 00250
0 . 00400
0 . 00211
0 . 00302
- 0 . 24067
0 . 00 4 00
0 . 00203
- 0 . 36488
0 . 00 4 00
0 . 00153
- 0 . 66875
0 . 00400
0 . 00155
- 0 . 79482
0 . 00400
0 . 00222
0 . 00722
0 . 00400
0 . 00208
- 0 . 05175
0 . 00400
0 . 00152
0 . 14878
0 . 00400
0 . 00161
0 . 00207
0 . 08406
0 . 00400
0 . 09079
0 . 004 00
0 . 00195
- 0 . 28778
0 . 00400
0 . 00206
0 . 03083
0 . 00400
0 . 00219
- 0 . 04244
0 . 00400
0 . 00190
0 . 00157
0 . 51698
0 . 00400
- 0 . 16349
0 . 004 00
0 . 00145
0 . 39536
0 . 00400
0 . 00235
0 . 28382
0 . 00400
0 . 00262
0 . 12080
0 . 004 00
0 . 00208
- 0 . 09636
0 . 004 00
0 . 00205
- 0 . 26369
0 . 00400
0 . 00266
-0 . 59237
0 . 00400
0.00264
0 . 00400
0 . 02271
0.00198
- 0 . 03431
0 . 00400
0 . 00200
0 . 00242
0 . 57664
0 . 00400
- 0 .1 0255
0
. 00311
0 . 00400
0 . 37949
0 . 00400
0 . 00302
- 0 . 53790
0 . 00400
0 . 00289
- 0 . 05351
0 . 00400
0 . 00313
- 0 . 00568
0 . 00400
0 . 00344
0 . 05068
0 . 00400
0 . 00344
- 0 . 04511
0 . 00400
0 . 00344
0 . 01033
0 . 00400
0 . 00345
0 . 00400
0 . 00313
0 . 09809
- 0 . 49053
0 . 00 4 00
0 . 00292
0 . 58088
0 . 004 00
0 . 00280
- 0 . 00507
0 . 004 00
0 . 00316
ITERATION
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ERHAM output file for pathway a, 67° (Table 4.8)

2)

CALCULATION FOR NON -EQUIVALENT MOTIONS
SYMMETRY PARAMETER (I SCD)
-1
DIRECTION COSINE PARAMETER (NC)
NUMBER OF VIBRATIONAL STATES (NIV)
1
NUMBER OF ITERATIONS (NIT)
20
PRINT OPTION PARAMETER (IFPR)
4
UNCERTAINTY PARAMETER (NUNC)
0
DIPOLE MOMENT COMPONENTS (DIP)
1 . 660 1.660 0 . 000
TEMPERATURE/KELVIN (TEMP)
1 . 00
VIB STATE READ (KVQ , l=YES , ELSE=NO ) 0
PERIODI CITY OF INTERNAL
RHO PARAMETER
VARIATION PARAMETER FOR
RHO AXIS ANGLE , BETA
VARIATION PARAMETER FOR
RHO AXIS ANGLE, ALPHA
VARIATION PARAMETER FOR
1 00
2 00
3 00
00
5 10
6 10
7 10
8 10
9 00
10 00
11 00
12 00
13 10
14 10
15 10
16 10
17 00
18 00
19 00
20 00
21 10
22 10
23 10
24 00
25 00
26 00
27 00
28 10
29 10
30 10
31 10

3
3
3
3
3
3
3
3

2
1
2
1
2

4

2
1
2
1
2
1
2

5
5

2

5
5
5
5
5
6
6
6
6
6
6
6
6

1
2

ROTOR (N)

2
0 . 03682000
RHO , IVRHO
0
67 . 00000000
BETA , IVBET
0
0. 00000000
ALPHA , IVALP
0
2
2
2
2

2
2
2
2

3
3
3
3
3

2
2
1
2
2

2
2

2
2

3
2
2

2
2
1
1
2

2
1
2
1
2

4

5
5
5
5
5
5
5
5

2
2
1
2

2
1
2
2

71 2 5.5505
7194.1948
7252 . 2445
7320 . 8907
6889 . 8779
6949 .4 658
7009 . 0259
7068 . 6157
9524 . 6073
9557 . 8666
9593.2519
9626 . 5093
9201 . 33 7 8
9227 . 8522
9260 . 9313
9287.4400
11897 . 3486
11912 . 7472
11930 . 611 1
11946. 0091
11485. 04 68
11495 . 8972
11511 . 5601
14255 . 1469
14261 . 8067
14270.5441
14277 . 1997
13754.1670
13758 . 6035
13765.01 5 8
1 3 769.448 0

0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 .0 0
0 . 00
0 . 00
0.00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0.00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0.00
0 . 00
0.00
0 . 00

1

0 . 0000 1 000
0
0 . 00001000
0
0 . 00000000
0
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00

1 1 SINGULAR VALUES USED OUT OF 1 1 , STANDARD DEVI ATI ON
31 NORMAL EQUATIONS
STATE

OLD PARAMETER
RHOl
RH02
BETAl
BETA2
ALPHA!
ALPHA2
1
2
3

5
6
7 1
0
8
9
10
11

A
B

c
DELTA J
DDELTA J
PHI JK
0 1 0 0 0
0
0 0 8
0
0 2 0
0
0 4 2
0
2 0 0
0
2 2 0

STANDARD ERROR

0 . 0499
0 . 3809
-0 . 2427
0 . 0901
- 0 . 0336
0 . 0786
- 0 . 1031
0 . 0110
- 0 . 1551
-0 . 3194
0 . 1761
0 . 0100
0 . 020 2
- 0 . 1 077
0 . 1381
0 . 004 4
0 .1 307
0 . 0396
-0.0304
-0.1220
0.1243
- 0 .1 382
-0 .0 046
- 0.0105
0 . 1242
-0.1029
0 . 0277
-0.0613
0.3287
- 0.3254
0.0603

0 . 0499
0 . 3809
-0.2427
0 . 0901
- 0 . 0336
0 . 0786
- 0 . 1031
0. 0110
- 0 . 1551
-0 . 3194
0 . 17 61
0 . 0100
0 . 0202
- 0 . 1077
0 . 1381
0 . 0044
0 . 1307
0 . 0396
- 0 . 0304
-0 . 1220
0 . 12 43
- 0 . 1382
- 0 . 0046
- 0 . 0105
0 . 1242
-0.1029
0.0277
-0.0613
0.3 2 8 7
-0 . 325 4
0 . 0603

0 . 1 921 1401 0 +00

CHANGE

PREC

SCALE FAC

0.368200000000D-01
0.lOOOOOOOOOOOD-04
0 . 6700000000000+0 2
0 . 1000000000000-04
0.0000000000000+00
0 . 0000000000000+00
0 . 1471109014780+04
0 . 127 477984 5020+0 4
0 . 115 486129 4 090+04
0 .4 97 14 987007 40+03
0.3526681685180+03
-0.4307664252980+05
- 0.6817462 533570+03
0 . 0000000000000+00
0 . 7231060909370+01
- 0. 4861507840 1 50- 03
-0.18714051 0 0930+01
-0.1099249088950-02

0. 441130+00
0 . 338910+00
0 . 631360-01
0 . 119620+02
0 . 106090+02
0 . 239310+0 4
0.898570+02

0 . 396550-10
0 . 779320-1 1
-0.10316D-10
-0 .1 3011D-08
-0 .114 600-08
0.29942D-06
-0. 561740- 08

0 . 424760-01
0 . 137700-01
0 . 218200-02
0.3367 30- 01
0 . 235 2 90-01
0 . 2 08830+02
0 . 12 3690+01

0 . 1 000+01
0.1000+01
0.1000+01
0 . 1000+01
0 . 1000+01
0 . 1000+01
0 . 1000-02

0 . 2 80 37 0+00
0 . 2959 4 0 -0 3
0 .1 51900+0 0
0 . 3 4 7780-03

- 0.195930- 10
- 0 . 25 44 80-1 3
- 0 . 107840-1 0
-0.210880-13

0.9 5 4 7 30- 03
0 .1 0 7 830-04
0.626770- 03
0 . 118830-04

O.lOOD- 0 2
O. lOOD- 02
0.1000- 02
0 . 1000-02
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3)

ERHAM output file for pathway b, 90° (Table 4.8)
**** CALCULATION FOR NON-EQUIVALENT MOTIONS ****

SYMMETRY PARAMETER ( ISCD )
-1
DIRECTI ON COSINE PARAMETER (NC )
NUMBER OF VIBRATI ONAL STATES (NIV)
1
NUMBER OF ITERATI ONS (NIT )
20
PRINT OPTION PARAMETER (IFPR )
UNCERTAINTY PARAMETER (NUNC)
0
DIPOLE MOMENT COMPONENTS (DI P) 1 . 660 1 . 660 0.000
TEMPERATURE /KELVIN (TEMP )
1. 00
VIB STATE READ (KVQ , l=YES , ELSE=NO) 0
PERIODICITY OF INTERNAL
RHO PARAMETER
VARIATION PARAMETER FOR
RHO AXIS ANGLE , BETA
VARIATION PARAMETER FOR
RHO AXIS ANGLE , ALPHA
VARIATION PARAMETER FOR
00
2 00

3
3
3
3
3
3
3
3

3 00

00
5 10
6 10

7 10
8 10

2
2
1
2
1
2

9 00

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

00
00

2

00

2
1
2
1
2

10
10
10
10

4

5
5
5
5
5
5
5

00
00
00

00
10
10
10
00

6
6
6
6
6
6
6
6

00
00

00
10
10
10
10

ROTOR (N)

2
0 . 03595000
RHO , IVRHO
0
89.99900000
BETA , IVBET
0
0 . 00000000
ALPHA, IVALP
0

2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3

2
2
1
2
2

2
2
1
2
2
1

2
2
1
2

2

2
1
2
1
2
2
1
2

5
5
5
5
5
5
5

2
2
1
2
2

2
2

7125.5505
719 4 . 1948
7252 . 2445
7320 . 8907
6889 . 8779
6949 . 4658
7009 . 0259
7068 . 6157
9524 . 6073
9557 . 8666
9593 . 2519
9626.5093
9201.3378
9227 . 8522
9260 . 9313
9287 . 440 0
11897.3486
11912.7472
11930.6111
11946.0091
11485.0468
11495.8972
1151 1.5601
14255 . 1469
14261 . 8067
14270 . 5441
14277 . 1997
13754 . 1670
13758 . 6035
13765.0158
13769 . 4480

0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0.00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0.00
0 . 00
0 . 00
0.00
0.00
0.00
0.00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0.00
0.00
0.00

1

0 . 00001000
0

0 . 00001000
0
0 . 00000000
0
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
.1 . 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00
1. 00

11 SINGULAR VALUES USED OUT OF 11 , STANDARD DEVIATION =
31 NORMAL EQUATIONS
STATE

OLD PARAMETER
RHOl
RH02
BETAl
BETA2
ALPHAl
ALPHA2
1
2
3
5
6
7
8
9

10
11

A
B

c
DELTA J
DDELTA J
PHI JK
0 1 0 0 0
0
0 2 0
0
0 4 2
0
2 0 0
0
2 2 0

STANDARD ERROR

0 . 0561
0.3881
-0 . 2425
0 . 0913
- 0 . 0394
0 . 0 67 4
- 0 . 0979
0 . 0107
- 0 . 1636
- 0 . 3222
0 . 168 6
0 . 0082
0 . 0284
- 0 . 1065
0 . 1408
0 . 0002
0.1297
0 . 0395
-0 . 0257
-0.1165
0.1276
-0 . 1327
-0 . 0083
- 0 . 0072

0 . 1195
-0 . 0988
0 . 0238
-0 . 0694
0 . 3329
-0 . 3314
0 . 0666

0 . 0561
0.3881
-0 . 2425
0 . 0913
- 0 . 0394
0 . 0674
- 0 . 0979
0.0107
- 0 . 1636
-0 . 3222
0.1686
0 . 0082
0 . 0284
- 0 . 1065
0 . 1408
0.0002
0 . 12 97
0.0395
-0 . 0257
-0 . 1165
0 . 1276
-0 . 1327
-0 .0083
- 0 . 0072
0.1195
- 0 . 0988
0 . 0238
-0.0694
0 . 3329
-0. 3314
0.0666

0 . 19350436D+OO
CHANGE

PREC

SCALE FAC

0.359500000000D-01
O.lOOOOOOOOOOOD-04
0.899990000000D+02
0.lOOOOOOOOOOOD-0 4
O. OOOOOOOOOOOOD+OO
O. OOOOOOOOOOOOD+OO
0 . 1471132391 64D+04
0 . 127470871436D+04
0.115486675972D+04
0.496877806097D+03
0 . 352381778350D+03
-0.430356947793D+05
- 0 . 388760431555D+03
0.791451755 395D+Ol
- 0 . 336135824737D-03
- 0.1531924752 75D+Ol
-0.839848677609D-03

0. 443 4 6D+OO
0 . 33738D+OO
0 . 63 410D-01
0 . 11997D+02
0 .10630D+02
0 . 23983D+04
0.52394D+02
0 . 19514D+OO
0. 29093D-03
0 . 11039D+OO
0 . 35239D- 03

- 0 . 29923D- 10
- 0 . 86389D-1 1
0 . 74968D- 11
0. 58265D- 09
0 . 54 4 02D-09
-0 . 18531D-06
-0 . 31455D-09
- 0 . 53062D-12
-0 . 32758D- 13
0. 12131D-12
- 0 . 37230D-13

0. 42778D- 01
0 . 13866D-01
0.21977D-02
0 . 33916D-01
0 . 23699D-01
0 . 21058D+02
0 . 11088D+Ol
0 . 96113D- 03
0 . 10857D-0 4
0 . 63100D- 03
0 . 11964D-04

O. lOOD+Ol
0.lOOD+Ol
O.lOOD+Ol
O. lOOD+Ol
O. lOOD+Ol
0.lOOD+Ol
O. lOOD-02
O. lOOD-02
O. lOOD- 02
O.lOOD- 02
O.lOOD- 02
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